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I. INTRODUCTION 
A. Brief Background and Motivation of This Study 
Polymers were traditionally considered as typical insulators, and were 
widely used for insulating applications. However, this perception was 
radically changed when MacDiarmid's group,^ in collaboration with 
Shirakawa, showed in 1977 that the conductivity of polyacetylene ((CH\) 
can be increased through doping by 13 orders of magnitude, up to 10^-10'* 
S/cm. This discovery was a turning point in studies of a large class of 
conjugated polymers which contain ir molecular orbitals delocalized along 
the polymer chains. These systems can be considered as quasi-one-
dimensional, and have attracted intense interest of researchers from 
different fields for over the past fifteen years. 
Besides their technological potential, the fundamental physics of 
conjugated polymers is also significant. One-dimensional (1-d) systems 
used to be an idealization of theoreticians and mainly served as illustrative 
examples in text books. The quasi-l-d structure of most conjugated 
polymers offers realizations of lower dimensional physics and provides one 
of strong motivations for its progress. 
The essentially two-fold coordination of conjugated polymers makes 
these systems generally much more susceptible to structural distortion than 
traditional crystalline semiconductors. The electron-phonon interaction is so 
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strong in the quasi-l-d system that the conventional concept of conduction 
electrons and holes to explain the electronic, optical and magnetic 
properties breaks down. Historically, the observed peculiar reversed 
charge-spin relation in (CH), was the main motivation to invoke the soliton 
model of trans-(CH),(t-(CH)x), first introduced by Su. Schrieffer and Heeger 
(SSH)in 1979.It is now well accepted that instead of electrons and holes, 
the dominant excitations in conjugated polymers are solitons and soliton-
like quasi-particles (polarons, bipolarons, and polaronic excitons ). 
Due to a variety of problems, the field of conjugated polymers has had 
its ups and downs over the years. Excitement has recently been renewed due 
to several breakthroughs including progress in solubility and processability, 
nonlinear optical properties, electroluminescence, and synthesis and 
characterization of a wide variety of new conducting polymers. 
Among the conjugated polymers, (CH)^, derivatives of polythiophene 
(PT), polypyrrole (PP) and poly(paraphenylene vinylene) (PPV) shown in 
Figure 1.1 have been extensively studied. The common structural feature 
is the extended 7r-conjugation — single and double bonds alternating along 
the polymer backbone. One of the basic research goals in this field is to 
understand the relationship between the chemical structure of the repeating 
units of the polymer and its electronic properites, which includes the study 
of fundamental excitations and decay mechanisms of the system. 
In 1987, H. Naarman's groupé reported conductivities of highly 
oriented t-(CH), films as high as 2x10^ S/cm, which is one third of the 
conductivity of copper at room temperature. T-(CHX also exhibits a 
3 
trans-(CH), 
cis_(CH), 
Figure 1.1 The chemical structures of trans-(CH),(t-(CH)^), cis-(CHX, PP, 
PT and PPV. The double bonds correspond to shorter bond 
length and stronger bond strength than single bonds. 
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strong nonlinear optical response. In addition to their potential as 
synthetic metals to replace copper as a cheap and light weight conductor, 
novel applications^'® in development include anti-static fiber coating, 
temperature sensors, electrochromic devices including "smart window" and 
displays, electrolytic capacitors, electromagnetic shields for prevention of 
radar detection. Recently^ Friend and coworkers at Cambridge University 
demonstrated that PPV is electHxluminescent and could be used for the 
development of large-area flat color displays. The most attractive 
application may, however, be related to the nonlinear optical response of 
conjugated polymers. Optically nonlinear materials would be the building 
blocks of the future optical computer which would operate with light signals 
at much faster rates than current computers using electrical signals. 
Since most of these conjugated polymers are synthesized from the 
byproducts of petroleum refining, they are relatively cheap. Major 
obstacles to widespread commercial use are stability, crystallinity and 
perfection. Exploring new materials with novel features through creative 
synthetic methods remain strong challenges . 
Two novel conjugated polymers, poly(diethynylsilanes) (PDES) and 
poly(2,5 dibutoxypara-phenylene-acetylene) (PDBOPA) were first 
successfully synthesized by Dr. T. J. Barton's group at the Ames Laboratory 
in 1988 and 1990, respectively. The striking features of PDES are an 
extremely fast nonlinear optical response and a very high non-linear optical 
coefficient PDBOPA exhibits very strong photoluminescence and 
interesting polarization features. The purpose of this work was to 
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characterize these two new conjugated polymers by means of electrical, 
optical and magnetic resonance methods at various temperatures and doping 
conditions, to compare them to the well-studied P3AT's[poly(3-alkyl-
thiophenes)] and PPV's, to obtain an understanding of their fundamental 
optoelectronic properties and to explore their potential applications. 
B. Peierls Instability, SSH Model and Solitons 
In 1955 Peierls showed® that in a one-dimensional lattice with a partly 
filled band, the regular chain structure will never be stable since one can 
always find a suitable distortion for which a break will occur at or near the 
edge of the Fermi Hxstribution. This is especially favourable when the band 
is half-filled. The lattice distortion will yield a new reciprocal lattice vector 
of and a new gap will appear at kp = ±7r/2a, which lowers the energy of the 
occupied states below the Fermi level and raises the energy of the 
unoccupied levels above, as shown in Figure 1.2. The extent of the 
distortion and the width of the gap is determined by the minimization of the 
energy of the entire system, which includes decreased electronic energies 
and the slightly increased elastic energy. The total energy change for 
displacing every second atom from its undistorted lattice position by a 
distance b is 
CK 
-7c/a "KpX / KF 7c/a 
K 
' 1 
CK 
1 
-7c/a 
•y t it/a 
K 
Figure 1.2 Peieris instability in a one-dimensionai lattice with a half-filled 
band. The upper one represents the unstable band structure 
before the lattice distortion. The lower one is the stable band 
structue after the lattice distortion. 
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where a is the unperturbed interatomic spacing, N is the number of atoms in 
the chain, m is the atomic mass, U is the first Fourier coefficent of the 
change in the potential energy, is the Fermi energy, and k is the effective 
spring constant of the atoms on the chain. Hence if b is sufficiently small 
this energy change is negative and the lattice distortion is sustained. This is 
minimized when 
The pairing of successive atoms along the chain, or dimerization, can be 
formed in two distinctive ways and the energies of these two configuration 
are equal in t-(CH)„ so the ground state of this system is twofold 
degenerate. 
In 1979, Su, Schrieffer and Heeger^(SSH) introduced a model to 
describe t-(CH)j—the simplest conjugated polymers. Its Hamiltonian is 
given by 
8 
^SSB " ^ + ((( M»" y^+i ) ] ( ^n+1 ^n*l ^n ) 
n 
(1.3) 
where Cq"^ creates a tt electron on site n, to is the hopping matrix element of 
the TT electrons in a tight-binding model, a is the electron-phonon coupling 
constant, and u^ is the displacement of the nth carbon atom from the 
undistorted equilibrium position. The last two terms are the elastic and 
kinetic energies of a basic (CH) unit, with k, P and M respectively being the 
elastic constant, the canonically conjugate momentum to u^, and the ion 
mass. 
The SSH model predicts a band of width W = 4to split by a Peierls gap 
Eg = 2Ao at the Fermi level (Figure 1.3a) and a relation between the 
dimerization amplitude Uq and order parameter Aq, Ao = 4auo. In the weak-
coupling limit^'®, a continum model can be used to obtain analytic solutions. 
Aq is related to the dimensionless coupling constant A by 
Aq - Bt^e ^ 
- I - -
A - (1.4) 
n t^k 
"9 
E 
-21 
E 
TT 
2 'o 
Figure 1.3 (a) One-dimensionai tight-binding band structure, and (b) the 
electron density of states from SSH model. The negative energy 
states are occupied and the positive ones are unoccupied. 
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The electron density of states p(E) (Figure 1.3b) for Aq < |  E| < Itg is 
P(£) N\E\ 
u [ ( £2 _ Aj ) ( 4 fo -£:' ) ]• 
(1.5) 
where N is the number of CH groups in a chain. The SSH model has gained 
wide acceptance because of its success in describing excitations and charge 
storage in t-(CH)x and other conjugated polymers. The elementary 
excitation of this system is a soliton, whose historical background will be 
briefly described in section C of this chapter. The soliton has an energy 
level at the center of the gap, extends over -14 carbon atoms, and moves 
freely along a chain.®-^ Note that the soliton has a reversed spin-charge 
relation from conventional electron and hole, i.e. charged silitons (S*) are 
spinless, while neutral solitons carry spin 1/2. The soliton state can be 
viewed as a domain wall separating the two degenerate dimerized phases of 
the system corresponding to ±Uo, and is described in terms of a lattice 
distortion. An order parameter %(x), is introduced to describe the 
transition across a soliton kink (Figure 1.4a). The solution Is 
v/;c) - (pQ tanh(%/$Q) (1-6) 
where the soliton is centerd at x = 0, and its coherence length is related to 
the carbon bond length, a, by Ço = 2toa/Ao. The occurrence of coherence 
length ^0 (the soliton width is appproximately 2^o) is the result of 
competition between the electron kinetic energy due to the uncertainty 
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principle and the condensation energy per site. Another importance^"'" of 
the order parameter is that its first derivative ti{x) represents the spin 
distribution of a neutral soliton centered at x = 0 along the chain and the 
charge distribution of a charged soliton (Figure 1.4b), 
Tl(Jc) - sech^ixl^o) (1-7) 
The typical parameters used in the SSH model of t-(CH)x are 
to = 2.5 eV , a = 1.4 Â , a = 4.1 eV/Â , k = 21 eV/Â\ 
The results given in following match the experiment values quite well; 
Ag = 0.7 eV , Çg = I'd , Ug = 0,04 Â. 
C. Polarons and Bipolarons 
In most condensed many body systems, the energy of an excited state 
(with respect to the ground state) can be expressed as a sum of energies of 
"elementary excitations". The elementary excitations are basically divided 
into two major groups. The first group corresponds to normal modes of 
12 
À 9s(x) 
-Ç( 
A Ti(x) 
Figure 1.4 (a) Order parameter describing the transition across a soliton 
kink, (b) The spin distribution of a neutral soliton or the 
charge distribution of a charged soliton along the chain. The 
bottom structure represents the real transition of a domain wall 
which separates the two degenerate dimerized phases of a trans-
(CHX chain. 
13 
small amplitude oscillations, e.g., lattice vibrations. They are collective 
excitations, extended in space, e.g., phonons, magnons, plasmons, polaritons, 
etc. The excitations of the second group can not be reached by finite order 
perturbation from the ground state. They are individual excitations 
localized in space, such as vortices in superconductors, domain walls in 
ferromagnetics and ferroelectrics, polarons, solitons, etc. Just as atoms, 
ions or molecules are the "building blocks" of a crystal in the sense of 
structure, these elementary excitations or "quasi-particles" are the "building 
blocks" of the excited state of a solid in the sense of motion and energy. 
Solitons are semi-localized nonlinear excitations. They propagate 
without a change in shape; in contrast to linear wave propagation, the 
propagation speed depends on the pulse amplitude'^. Solitonic wave, "a 
rounded, smooth and well-defined heap of water," created by a suddenly 
stopped boat in a narrow canal and propagating along it, "without change of 
form and eliminution of speed", was first observed by J. S. Russel" in 1834 
and reported by him ten years later. In 1895 Korteweg and de Vries" 
proposed a nonlinear differential equation (KDV equation) to describe such 
solitary waves in shallow water. These waves were considered as merely 
unimportant solutions of nonlinear equations depending on special initial 
conditions until the 1960s, when computer simulations showed that these 
waves emerged from scattering with their shape and velocity unchanged. To 
emphasize such particle-like behaviour, Zabusky, and Kruskal'® coined the 
term "soliton". Since then solitons have been observed in many nonlinear 
systems, too numerous to list. 
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Noteworthing, however, is the work of Krumhansl and Schrieffer'®, which 
pioneered the adoption of the soliton concept in dynamical studies of solids. 
The wide applications of the soliton concept in condensed matter were 
summarized in references 17 and 18, It should be noted, however, that the 
solitons invoked in different condensed matter systems are not exact 
realizations of the strict mathematical construction, but only dispaly some 
characteristic features of such nonlinear excitations. The remarkable 
significance of the soliton model in conducting polymers lies not only in the 
effect on lattice distortion patterns, vividly describing a nonlinear shape-
preserving excitation which propagates freely, but also on the electronic 
spectrum, successfully explaining the peculiar reversed spin-charge relation 
of the excitations in t-(CH)x and successively connecting to other soliton-like 
quasi-particles in various conducting polymers. 
The original SSH Hamiltonian was proposed to describe t-(CHX 
which has two-fold degenerate ground state and can support topological 
solitons. However, most conducting polymers, e.g., cis-(CH)„ polypyrrole 
(PP), polythiophene (PT), poly(para-phenylene vinylene) (PPV), etc., do not 
have such a degeneracy. In these nondegenerate polymer chains, the 
difference between any two neighboring carbon bonds doesn't only lie in the 
bond length, but also in significantly different bond angle, e.g., in cis-(CH)x, 
there are bonds parallel to the chain direction and bonds at an angle of 
roughly 60° to it. Because of this left-right symmetry breaking, there might 
be some dimerization due to the a-skeleton, without involving Tr-electrons.^' 
In these cases, three parameters involved in the SSH moHxl, namely, the 
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nearest neighbor hopping integral tg, the electron-phonon coupling constant 
a and the elastic constant k, should have different values for the neighbor 
sites. Taking this into account, Wang, Su and Martino^" found two 
inequivalent minima with an energy difference » 0.1 eV per CH group 
between two configurations for cis-(CH)% (Figure 1.5). The lower minimum 
cooresponds to cis-transoid, whereas the upper one to trans-cisoid. 
An obvious consequence of the ground state degeneracy lifting is that 
cis-(CH)x and other non-degenerate polymers cannot support stable soiiton 
excitations, since creating a soliton-antisoliton pair separated by a distance 
d would cost energy ~ de^, where ej is the energy difference per unit length 
between two isomers. Clearly solitons and antisolitons are prohibited from 
becoming free by this linear "confinement" energy, and they will be always 
bound to each other within a certain distance. A charged soiiton bound to a 
neutral soiiton is referred to as a polaron, and a confined pair of like-
charged soiiton is referred to as a bipolaron. Polarons or bipolarons are 
predicted to be the dominant excitations in non-degenerate ground state 
polymers. 
Brazovskii and Kirova^^ first extended the continuum version of the 
SSH model to include the non-degenerate case. In the modified equation, 
the new gap Aq consists two components, Ao=A; + A,, where A; is called the 
"intrinsic" term and is sensitive to electron-phonon coupling, but A, is an 
extrinsic term caused by the lack of symmetry in the one-electron crystal 
potential. The gap parameter Ap(x) describing a polaron centered at the 
origin is given by" 
16 
B  p h a s e  — ^  ^ ^  \ ^  \ ^  \  
A phase =/ \=/ \=/ \==/ \= 
ÔE 
B PHASE A PHASE 
Figure 1.5 (a) A phase (cis-transoid) and B phase (trans-cisoid) of cis-
(CH),. (b) Sketch of potential energy curve for two phases 
showing energetically inequivalence. The A phase corresponds 
the lower minimum. 
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A/Jc) - Aq - fcp Ti { tanh[ Aq ( z + Zp ) ]- tanh[ ( j: - aTq ) ] } (1.8) 
where Xq satisfies 
taiih( 2 ) - &o So , (1.9) 
and 
T] -  2 tQ a. (1.10) 
A polaronic excitation can be roughly thought of as a soliton-
antisoliton pair, each with width l/kg , separated by Ixq. For t-(CH)j case, 
ko has simple relation with by J2ko = l/fo. Instead of a single midgap 
level at the center of gap, there are two poiaron levels symmetrically located 
an energy wg apart from the center of the gap, 
As in the case of the soliton solution, the total energy of a poiaron consists 
of three parts: the elastic energy, the bound state energy and the energy 
change of the extended states. The total energy of the system is given by 
Wo - ( Ao - ) 2  .  
(1.11) 
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Ep [ ( 1 - Y ) ^0 ^ 
TU 
0>n 
+ 2 Y Ag ^0 jfo + cOq sin" ' ( — ) ] 
(1.12) 
+ ( n, - «_ ) ùjj 
where 7 = ( a^/aAq ), which measures the relative weight of the extrinsic 
gap parameter, is called the confinement parameter and n+(n_) are the 
occupation numbers of the upper(lower) gap states. 
Unlike the soliton case where the excitation energy does not depend 
on the bond state occupancy, here it is a crucial factor. Minimizing the 
total energy with repect to wq leads to the equilibrium configuration. For 
the simplest t-(CH)^ case, the polaron energy is given by"'^® 
=. « 0. 9 0 Aq 
with splitting energy wq = while the creation energy of a single 
soliton can be similarly computed to be 
« 0. 6 4 Aq . (1-14) 
7t 
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Both creation energies for soliton and polaron are less than the creation 
energy of a single electron or hole. Also, the bounding distance of kink and 
antikink in t-(CH)^ can be obtained from the continuum limit to be about 10 
lattice constants (2xo= 1.25^o). Since the positive and negative polarons 
each carry spin 1/2, their spin-charge relations are conventional. The 
bipolaron configuration is similar to that of a polaron with a deeper 
depressed energy level closer to the mid-gap (Figure 1.6). The separation 
distance of the charged kink and charged antikink in a bipolaron should be 
larger than the one in a polaron, due to the Coulumb repulsion of two like-
charges. The bipolarons, with both gap levels occupied (BP"") or 
unoccupied (BP^^), are spinless and doubly charged. Since the creation 
energy of two singly charged polarons or a doubly charged bipolaron is 
calculated to be less than the energy gap, which is the creation energy of an 
electron-hole pair, charge injection into a nondegenerate polymer by 
chemical doping, electrical injection or photoexcitation should result in the 
formation of charged polarons and/or bipolarons. 
It is now well established that the predominant excitations are 
solitons in the degenerate ground state t-(CH), and polarons and/or 
bipolarons in the non-degenerate ground state polymers. Many 
experiments^''"^® have demonstrated that in the heavily doped state or in the 
interband photoexcitation, charge storage is preferably in bipolarons rather 
than in polarons for non-degenerate-ground state polymers. These results 
agree with theoretical calculations that the creation energy of a bipolaron 
is less than that of two polarons", or two polarons attract each other to form 
20 
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Figure 1.6 Schematic diagrams (left) and energy level schemes (right) for 
solitons, polarons and bipolarons. Also shown on the left are 
possible optical transitions (dotted arrows). 
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a bipolaron." 
The great concern that remains unsettled in conducting polymers with 
non-degenerate ground states is whether the charge carries formed upon 
doping are polarons or bipolaron in the lightly doped state. It has been 
reported from electron spin resonance and optical experiments carried out 
on PP^'*, P3MT^®'"[poly(3-metylthiophene)], and PPV^° and its derivatives 
that at low doping levels, polarons play a major role in non-degenerate 
polymers. On the other hand, a few experimental results on PT^^ and its 
derivaties^" have, however, been interpreted to imply that polarons do not 
exist as a stable species even in the low doping level. The optical 
absorption due to polarons and bipolarons is different. Since bipolaron 
states are either totally occupied or totally empty, there is no posibility to 
observe subgap transitions between the bipolaron levels. Subgap optical 
absoption spectra are thus an important criterion: three peaks satisfying the 
Pauli principle indicate polaron states and two peaks indicate bipolaron 
states (Figure 1.6). The fact that the predicted third subgap narrow 
transition peak of optical absorption spectra has remained undiscovered 
even at low doping levels seems to support the bipolaron picture. On the 
other hand, a number of spin susceptibility measurements^'' '^", in which 
first increases with doping and then decreases with further doping, may 
indicate that at light doping levels polarons are indeed the major species, 
but upon increased doping, two polarons form a spinless bipolaron leading 
to the spin decreasing. Very recently. Friend and coworkers" at Cambridge 
University constructed metal-insulator-semiconductor (MIS) structures with 
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P3HT [poly(3-hexylthiopene)] as the active semiconductor layer, and 
injected charge carriers into accumulation and inversion layers by electrical 
field modulation method. They assigned the voltage-modulated optical-
absorption band to the transitions of the singly charged polarons. It is 
obvious that further experiments are required to settle this controversy. 
D. Other Interactions 
The original SSH model described in section B is highly idealistic: It 
completely ignores electron-electron Coulomb interaction, disorder, 
interchain coupling, quantum fluctuations, etc. Its appealing nature is that 
in spite of its simplicity, the implications are in fairly good agreement with 
experiments. The key success is due to the overwhelming role of 7r-electrons 
in-chain interference, which leads to a much larger band width W than gap 
width Ao, the strong screening of Coulomb interactions and the dominating 
electron-lattice coupling which renders a series simplifications reasonable, 
including continuum limit, and ideal one-dimensional assumption. Yet, 
deviations of many experimental observations from the predictions are still 
not negligible. For a more complete consideration, the other interactions 
mentioned above have to be taken in account. 
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1. Electron-electron Coulomb interaction. 
The SSH model does not explicitly take account of the Coulomb 
interaction between electrons. However, there is evidence that that 
interaction must be included in an accurate model of conducting polymers. 
A number of approaches were used to investigate the effects of the Coulomb 
interaction^"'""'. Detailed theoretical treatemnts are provided in the 
references. Only some main results are summarized as follows. 
One of the major disputes focused on whether the Peierls 
dimerization would survive the Coulomb interaction and how the order 
parameter and dimerization would change with interaction strength. Quite 
a few of the calculations^^'^® lead to similar conclusion that Peierls 
dimerization is stable against the Hubbard interaction provided the 
correlation energy U<4to. This point has also been confirmed by Hartree-
Fock calculation^^'^®. In the variational approach of Baeriswyl and Maki^', in 
which the e"-e" interaction is contained as an on-site Coulomb repulsion U, 
it is concluded that the bond alternation and the optical gap are mainly due 
to the electron correlation. In the limit of small U (U<4to), the 
dimerization is enhanced and the Peierls gap increases according to the 
relation 
A = 2 exp(y-^) (1.15) 
w i t h  
24 
k g  ^  X  +  0.26( —)2 (1.16) 
where A is the e-ph dimensionless coupling constant. Kivelson et al.'*° 
included the repulsive interaction for bond charge and obtained the 
conclusion that the Coulomb interaction tends to stiffen the lattice and to 
reduce the dimerizatin and Peierls gap, which is in contrast to the results 
drawn from the standard Hubbard models. These results indicate the 
necessity of further theoretical and experimental studies. 
Experimentally, the photo-induced absorption peaks that deviated 
from the center of the bandgap in (CH)^, and deviated from symmetry in PT, 
PPV and their derivatives( See below, equ. (2,4) and (2.6) ) are all 
explained within the frame of the Coulomb interaction. 
Recently, Bredas' group in Belgium"*^ showed that the SSH 
Hamiltonian description of the excited states of PPV appeares to be 
inadequate and disagrees with photoexcitation and photoluminescence(PL) 
measurements, and that electron correlation effects do obviously play an 
important role. 
2. Three-dimensional effects 
The SSH Hamiltonian is a purely one-dimensional model. X-ray 
diffraction experiments showed''^, however, the three dimensional quasi-
crystalline ordering of t-(CH)%. Later X-ray diffraction measurements on 
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(CH)j in-situ doped with Na carried out by Winokur et al." revealed an 
unusual sequence of reversible transitions within a channel structure, in 
which the local unit is a column of Na ions surrounded by three ("Tx), 
chains. 
Although the interchain distance (~4.5Â) is large compared with the 
bond length (~1.4Â), several effects such as interchain electron hopping, 
interchain Coulomb interaction, etc., can not be ignored. Actually, the e"-
e" Coulomb interaction itself mentioned in the previous section is a three 
dimensional effect. 
The interchain coupling due to transverse electron hopping was 
discussed by Baeriswyl and Maki'' '* and others. A new term was introduced 
into the SSH Hamiltonian, and results showed that an "antiferromagnetic" 
dimerization ordering on neighboring chains was preferred, in agreement 
with X-ray diffraction data. In such a three dimensional ordering, if a given 
chain is the left-hand dimerized, its neighbor is of right hand form, which is 
in agreement with X-ray diffraction data. 
Jeyader^^ has used perturbation theory to calculate the interchain 
Coulomb interaction. The results indicated that it produces an interaction 
of the opposite sign (ferromagnetic) to the hopping interaction between 
chains, but it was much smaller. The interchain hopping yields a energy 
difference per unit length, < 10"^ eV and the interchain Coulomb 
interaction yields « -(1-2) x 10"^ eV for (CH)^. In general, the 
antiferromagnetic coupling on neighboring (CH)^ chains is still preferred. 
Soliton formation on either chain would interrupt such an ordering and cost 
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some energy. Thus, solitons are confined in pairs or may be pinned in the 
vicinity of chain ends. 
3. Effects of disorder 
A real sample of a conjugated polymer contains disorder such as 
crosslinks, short conjugation segments, charged impurities, etc. These 
defects will certainly have a strong impact upon various properties.'^®''*^ It is 
believed that the blue shifts of interband absorption peaks in some 
conjugated polymer solutions like P3MT, P3HT and PPV derivatives are 
mainly caused by increasing short conjugation segments and other kinds of 
disorder''®. Also, the doping induced solitons, polarons or bipolarons are 
distributed randomly and possibly pinned to the dopants. In (CHX, the 
conductivity increases experimently by 13 order of magnitude upon doping 
indicating a insulator-metal (I-M) phase transition induced by disorder. 
Urbach absorption tails with an absorption coefficient have been 
observed''® in trans-(CHX with £^«70 meV, comparable to that found in 
amorphours semiconductor. 
Theoretically, the effects by disorder on the electronic structure, the 
Peierls gap and the dimerization have been studied by a number of 
researchers. Phillpot et al.^° studied in detail the single impurity effects and 
emphasized the impurity induced local lattice distortion which destroys 
dimerization. The results by Xu and Trullinger^^ using so called 
supersymmetric technique showed that the disappearance of the 
dimerization happens continuously for the bond disorder and discontinously 
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for the site disorder. 
Bulka and Kramer" focused mainly on the weak disorder and their 
result indicated a reduction of the Peierls gap, the lattice distortion, and 
further localization of electronic states, as electron-phonon coupling 
constant increases. 
Very recently, Soukoulis and coworkers" used both numerical and 
analytical methods to study the combined effects of disorder and e"-ph 
interaction. Their results share the same basic features with Bulka in the 
weak disorder; however, for stronger disorder they showed that there are 
strongly localized states accompanied by large lattice displacements. 
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II. EXPERIMEMTAL BACKGROUND 
A. Optical Experiments 
1. Optical absorption 
Optical absorption due to transitions between electronic states 
provides fundamental information on the electronic structure of any 
semiconducting system. 
Derived from the continuum limit of SSH, Kivelson et aP pointed 
out that the integrated optical absorption should obey the sum rule, 
where a(u}) is the optical absorption coefficient, L is the chain length, 
and ?7=2t(,a. They also proved that the rule is still valid for an arbitrary gap 
parameter A(X) at any finite temperature T and in presence of any external 
potential V(x), such as the Coulomb potential of the charged dopants. This 
sum rule is analogous to the normal f-sum rule in semiconductors. In the 
discrete model the sum rule can be shown to be satisfied up to terms of 
order a/^o-
In the presence of gap states (solitons, polarons or bipolarons), there 
are two contributions to the optical absorption 
(2.1) 
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a (w) = a g (w) + (w) (2.2) 
where 0!g(w) is the contribution from transitions involving gap states and 
Q!b(w) is the band-to-band contribution. The gap states are states removed 
from the valence and conduction band. Thus, as their number rises, the 
density of valence and conduction band states decreases. Theoretical 
calculations show that for hw>2.4Ag in t-(CHX, the interband absorption 
coefficient is related to the soliton concentration c by 
«ft (w) - «0 (û)) (1 ^ ) (2.3) 
Where «^(w) is the interband optical absorption coefficient in absence of 
solitons. 
Optical absorption measurements of t-(CH)^ and PT and its 
derivatives have been extensively performed by many research groups". 
Evidence for the existence of charged solitons in t-(CH)x at dilute doping 
levels is primarily due to these measurements. The midgap absorption Hx a 
universal feature of doped t-(CH),. This doping-induced near IR electronic 
transition has been observed to be independent of the dopant species and 
doping type"'" (n-type or p-type). Figure 2.1a shows the typical absorption 
spectra of t-(CH), doped to various levels of AsFj". 
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As the doping proceeds, the midgap absorption appears, centered 
near 0.65-0.75 eV with an intensity that increases monotonically in 
proportion to the dopant concentration. At the same time, the strengh of 
the interband transition decreases with an overall conservation of the 
oscillator strength. From the absorption intensity and the magnitude of the 
associated bleaching of the interband transition, Feldblum et al." used the 
theoretical relation (2.3) to obtain the width of self-localized charged 
soliton ?o = 7a, in good agreement with the result from SSH model. 
Molecular dynamics calculations by Su and Schrieffer^® demonstrated 
that in t-(CH)x, an electron-hole pair should evolve into a pair of charged 
solitons within an optical-phonon period, i.e. 10""s. Thus, photoexcited t-
(CH)x was expected also to exhibit a midgap absorption. Both time-
resolved^' and steady-state®" measurements of photo-induced absorption of t-
(CH% did indeed confirm the subgap transitions, but instead of one peak, 
two peaks appeared, at hj/~0.5eV. believed to be associated with charged 
soliton excitations, and at hi/ - l,34eV, attributed to a neutral excitation. 
Figure 2.1b displays the typical photo-induced absorption spectrum of t-
(CH)j. The 0.5 eV peak appears in strong correlation with photo-induced 
infrared active modes (same temperature dependence, same dependence on 
laser pump intensity, etc.), providing strong evidence for charge excitations. 
The difference between the midgap transition peaks at about 0.75eV for 
doping-induced soliton and at about 0.5 eV for photogenerated solitons 
explicitly indicate the importance of electron-electron interactions. Since 
the relation 2hi/ = Eg would hold in the absence of Coulomb interaction, the 
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Figure 2.1 (a) A typical absorption spectra of trans-(CH), doped to various 
levels of AsFj." (b) Photo-induced absorption spectrum of 
trans-(CHX excited with 2.4eV laser at 10K.®° 
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photo-induced transition is shifted by 
I h v P ' *  "  2  \  -  U ^ ,  (2.4) 
where U, is an effective interaction describing the difference in Coulomb 
energy between the initial state (charged soliton) and the final state 
(neutral soliton plus band excitation). For doping-induced solitons, another 
interaction—the Coulumb binding of the charged soliton to the dopant 
counter ion (Eg) should be taken into account. 
2 ft v''"' - 2 A„ - ( f/ - £. ) (2.5) 
The shift of the transiton caused by Us is compensated by the Coulomb 
binding energy Eg. In addition to doping-induced and photo-induced 
charged solitons in t-(CH)„ the current injection of charged solitons onto t-
(CH)j was recently reported by researchers in the Cavendish Laboratory of 
Cambridge". They fabricated Schottky diode and metal-insulator-
semiconductor (MIS) diode where t-(CH)j substituted the conventional 
semiconductors as an active layer. The electro-modulated optical 
transmission spectrum exhibited the optical absorption peak at 0.55 eV, in 
good agreement with the photo-induced case. 
As typical non-degenerate ground state conducting polymers, PT and 
its derivatives show two subgap doping-induced peaks, at 0.65 and 1.45 eV 
for pr\ at 0.5 and 1.65 eV for P3HT", at 0.6 and 1.6 eV for P3MT-®, and 
at 0.7 and 2.07eV for PPV. The doping-induced absorption spectra*® of 
P3MT taken in situ during electrochemical doping are shown in Figure 2.2. 
The photo-induced absorption of PT", P3HT^^ and PPV showed two 
asymmetric bands at 0.45 eV and 1.25 eV, at 0.35 and 1.3 eV, and at 0.55 
and 1.46 eV, respectively, providing strong evidence for bipolaron 
formation. The shift of the two subgap peaks from the doping-induced 
levels to photo-induced levels are caused by the Coulomb binding energy 
similar to the case of t-(CH)^. The sum of the two transition energies, hi/^ 
and hi /2,  in photo-induced absorption is shifted by 2Ub, 
where Ug is the difference in Coulomb energy between the initial state of 
the spatially extended bipolaron (double charge) and the final state (single 
charge) with fixed lattice coordinates. For doping-induced bipolarons, the 
shift of each transition by Ug is compensated by the Coulomb binding (Eg) 
to the dopant counter ion, so that 
( A V, + A - Eg - 2 f/g (2.6) 
( A V; + A Vg - 2 ( (/g - Eg ) . (2.7) 
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Figure 2.2 Absorption spectra of P3MT, taken in situ during 
electrochemical doping.^® 
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2. IR spectroscopy 
IR absorption measurements of the vibrational modes can provide 
information including the bonding configurations of the polymer chains, the 
charge excitations and impurity contamination. Undoped polymers show a 
variety of vibrational bands associated with bonding configurations and new 
strong infrared active vibration (IRAV) bands appear upon doping. 
Experiments showed that the positions of doping-induced IRAV band are 
independent of the dopant species. For t-(CH)/'', the positions of IRAV 
modes are around 1370 cm'\ 1270 cm'^ and 900 cm'^ upon p-type doping by 
I2 or AsFs, or n-type doping by Na. The doping induced IRAV peaks of PT" 
have been observed at 1323, 1200, 1120 and 1020 cm of P3HT^^ at 1354, 
1210, 1161 and 1088 cm'\ and of PPV" at 1419, 960, 837 cm'\ respectively. 
The appearance of these new bands in t-(CH)j was first interpreted by 
Mele and Rice" as due to the charge-induced vibrational modes. 
Theoretically, the one-to-one correspondence between doping induced 
IRAV and Raman modes was clearly established by Horovitz®®. In the 
presence of dimerization, the zone boundary (equivalent to the zone center) 
phonons are Raman active. These modes correspond to oscillations in the 
dimerization amplitude and their frequencies are known from Raman 
scattering. When a charge is added to a dimerized chain, the translation 
symmetry is broken and a defect of length ç in the dimerization pattern 
results in infrared activation. 
The other features of IRAV bands include": (i) A rather strong 
intensity as they are noticeable even at very light doping levels; (ii) A 
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pronounced isotope effect upon replacing H by D or by indicating 
once again that they are due to lattice vibrations rather than electronic 
transitions; (iii) An optical anisotropy along the chain direction. Like 
photo-induced mid-gap optical absorption, additional IR absorption peaks 
have also been observed when illuminated by laser light above band edge. 
Due to the Coulumb interaction and correlation effects among electrons, 
there are differences between IR band frequencies in doping-induced and 
photo-induced cases. 
The one to one correspondences of the photo-induced and doping-
induced IRAV bands have been reported in all measurements on (CH)x, PT, 
PPV, and their derivatives. Photo-induced IRAV bands at 1370, 1270, and 
500 cm"' in t-(CH), were reported^". In PT" the photo-induced IRAV peaks 
corresponding to doping-induced IRAV are observed at 1323, 1200, 1120, 
1020 cm '; in P3HT'^ at 1296, 1188, 1130 and 1041 cm"'; in PPV" at 1414, 
947, and 820 cm '. Since the existence of the IRAV modes provides 
definitive evidence of the formation of structural distortions around the 
charge storage configurations, this correspondence provides additional 
support for the picture of relaxation of electron-hole pairs to charged 
solitons, polarons, or bipolarons. 
3. Photoluminescence 
Luminescence is the emission of photons as a result of decay of 
electronic excited states. Emission due to excitation caused by photons or 
electric field is referred to as photoluminescence (PL) and 
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electroluminescence (EL), respectively. Luminescence spectra provide 
valuable information concerning the electronic structure of the material, its 
defects, electron-phonon coupling, etc., and yield important insight into 
excitation and decay mechanisms. Due to competing nonradiative decay 
channels the PL spectrum is usually very different from the optical 
absorption spectrum. It is often also accompanied by phonon emission, 
yielding 1, 2, 3, etc, phonon sidebands. 
The probability of photon emission increases with transition energy, 
because the density of photon modes increases with photon frequency i/. In 
the typical electric dipole emission, the rate of spontaneous emission is" 
W. 
3 T:: 
I  ( / I r l  I  )  P  (2.8) 
where r is dipole operator, and i and f represent initial and final states, 
respectively. 
The coupling of electronic states to lattice vibrations allows for 
nonradiative relaxation by multiphonon emission. Such nonradiative rates 
can be much faster than luminescence rates. Since phonon frequencies have 
an upper bound a recombination with energy greater than Wp^^ux will 
involve a multiphonon process. Thus nonradiative decay is most efficient 
for small recombination energies. On the other hand, photon energies are 
unbounded, and the radiative recombination probability increases as as 
seen in equation (2.8). Thus in solids and molecules, electrons in a set of 
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closely spaced energy levels will quickly "thermalize" by the emission of 
phonons to a lower unoccupied level until a large energy gap is encountered, 
where radiative recombination becomes more probable. If the lattice 
distorts around the excitation, new initial and final states are formed for 
emission, and the emission energy is lower than the gap energy. The usual 
radiative decays in conjugated polymers and semiconductors are exciton 
recombination, band to dopant level recombination, band to defect level 
recombination, etc. The luminescence usually occurs below the 
energHxgap Eg, while the main absorption always appears above Eg. 
Temperature also plays an important role in the competition between 
phonons and photons, since the average number of phonons is strongly 
temperature-dependent, as easily seen from the Planck distribution^^ 
1 
V 
Hence, at low temperatures, luminescence is more likely to be observed, 
even if nonradiative recombination might dominate at room temperature. 
Phonons may also be emitted simultaneously with the photon emission, 
giving rise to luminescence characterized by phonon sidebands, at energies 
h(i/ - ni/opt), where n is an integer, and optical phonon frequency. 
The PL of conjugated polymers is quite distinct from conventional 
semiconductors. One striking difference is that band-edge (i.e. at energies 
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near the band gap) PL at L9eV is seen in cis-(CH)^, but not seen in t-(CH)^, 
while photoconductivity is seen in t-(CH)* but not in cis-(CH)%^^. It looks, in 
some sense, as if the photoluminescence and photoconductivity are mutually 
exclusive. In conventional semiconductors, however, the two phenomena are 
intimately related to each other. This deviation from typical semiconductor 
behavior is easily understooHxwithin the soliton model, because freely 
moving soliton pairs(S^-S") that can contribute to the photo- conductivity 
can be generated only in t-(CH)j. The S+-S" pairs generated in cis-(CHX 
are confined to each other and quickly recombine radiatively or 
nonradiatively. A more complicated case is that of the very weak subgap PL 
peak is observed at 1.2 eV in t-(CH)^, where the intensity increases with 
temperature. The origin of this PL is not clear. One possible explanation 
assigns it to emission from an intrinsic gap state analagous to the 2*Ag state 
in finite polyenes." 
In PT, PPV and their derivatives, strong PL with clear phonon 
sideband have been reported by many groups.^®*^'*''^ Figure 2.3 shows'^ 
typical PL spectra of PPV film excited by 355nm at 290, 140, 76 and 25 K, 
respectively. The PL intensity increases and the vibronic structure sharpens 
with temperature decreasing. The PL is believed to be essentially due to 
singlet exciton decay. 
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Figure 2.3 The PL spectra^^ from PPV at A-25K; B-76K; C-140K; 
D-290K. The excitation wavelength = 355nm. 
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B, Magnetic Resonance Experiments 
1. Electron spin resonance (ESR) 
ESR results from direct transitions between electronic Zeeman 
levels'®. In the simplest case, when a magnetic field is applied to a s = l/2 
spin system, each original energy level will split into two, Zeeman levels. 
When a microwave field is also applied simple resonance condition can be 
expressed by 
where u is the microwave frequency, is the magnetic field corresponding 
to the resonance peak, fî = eh/2mc = ().927x 10'^° erg gauss"^ is the Bohr 
magneton, and g is the Lande splitting factor, which is 2.00232 for free 
electrons. 
At low microwave power (i.e., in the linear power range), and at not 
very low temperatures KT>hi/, the occupation of the two Zeeman sublevels 
obeys the Boltzman distribution. The area S under the resonance 
absorption peak is proportional to the unpaired spin number N and 
inversely proportional to temperature T. 
h  \  -  g  ^  H Q (2.10) 
(2 .11)  
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The resonance condition is obtained by sweeping the magnetic field 
H over a certain range centered around the resonance field at a constant 
frequency Scanning the microwave frequency at a constant field is not 
normally used due to several technical reasons including the difficulty of 
getting a constant microwave power, maintaining optimal tuning status over 
a wide frequency range, and signal-to-noise ratio consideration. According 
to the selection of the central frequencies, there are several different ESR 
bands. For the S, X, KU, K and Q bands, the cental frequencies are -3.0, 
-9.5, -16, -22 and -35 GHz, respectively. 
ESR measurements not only give the number of unpaired spins from 
the integrated intensity of the resonance absorption and the configuration of 
spin species from the g factor, but also provide detailed information on the 
spins' environment. Other quantities includes the spin-spin relaxation time 
T; and spin-lattice relaxation time Tg determined from linewidths, 
lineshapes and saturation behavior and their temperature relation, which 
provide detailed structural and dynamical information. 
2. Optically detected magnetic resonance (ODMR) 
Based on the spin dependent carrier recombination processes in 
semiconductors, several hybrid magnetic resonance techniques have been 
developed.^' These include optically detected magnetic resonance (ODMR), 
conductivity detected magnetic resonance (CDMR), photovoltaic detected 
magnetic resonance (PDMR) and photoinduced absorption detected 
magnetic resonance (PADMR). The strengths of these techniques lie in the 
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high sensitivity, which is especially true for thin film samples, and the 
exploration of spin dependent properties. Technically, ODMR is the 
combination of ESR and PL. The signal detected in ODMR method is the 
PL intensity change caused by magnetic resonance effects. 
The simplest model for understanding ODMR is a system of two 
distant or very weakly bound oppositely charged spin 1/2 particles of an 
excited state. The Zeeman sub-levels are shown in Figure 2.4. Before 
microwave power is introduced into the system, the steady state occupation 
of each sublevel is different with singlet levels having fewer occupation due 
to the allowed singlet recombination. We thus assume that the system is the 
unthermalized-the spin-lattice relaxation time is much longer than 
recombination time. The occurrence of microwave induced magnetic 
resonance will cause nearly equal excitation of Zeeman sub-levels. The 
increase in the occupancy of singlet levels will strengthen the radiative 
recombination to the diamagnetic ground state, i.e. PL enhancement will be 
observed. If the competing nonradiative transition were spin dependent, 
resonance could cause an increase in the nonradiative rate and decrease the 
radiative recombination, i.e., PL quenching. 
Often the PL of semiconductors will be due to various decay channels 
with different spin dependences. PL bands may be separated and identified 
by measuring the spectral dependence of the ODMR. 
In organic molecules, the strong electric field of the chemical bonds 
locks the TT electron orbitals in a fixed direction relative to the molecular 
frame and decouples the electron orbital motion from the spin leading to 
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Figure 2.4 Distant pairs model with a magnet field. Allowed singlet 
recombination deplets the populations n, and n, for an 
unthermalized e-h pair population and resonance increases the 
total PL. 
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the so-called orbital angular momentum quenching. As a result, organic 
molecules in triplet states have nearly isotropic g factors, very close to the 
free electron value of 2.0023^®. 
In an external magnetic field, the spin Hamiltonian H generally can 
be written as 
H " + Hgg + 
where Hz, H^s, Hss, and H^f symbolize respectively the Zeeman energy, 
spin-orbital interaction, spin-spin dipole interaction and hyperfine 
interaction between electronic and nuclear spins. When neglecting the 
spin-orbital interaction and the hyperfine interaction, the spin Hamiltonian 
for the triplet state is expressed into its usual simplified form^*'^°: 
H  ~  g ^ B ' S  +  D  [  s i  -  S ( S + l ) / 3  ]  ^  E  ( S l  -  S y  )  ( 2 1 2 )  
where the first item represents Zeeman energy , the rest items are 
dipole-dipole interaction, fi is the Bohr magneton, B is the applied external 
magnetic field and S is the spin angular momentum operator. The 
parameters D and E are referred to as zero field splitting (ZFS) parameters; 
they are determined by the dipole-dipole interaction matrix. The value of D 
measures the average distance between the two unpaired spins, while the 
value of E indicates the degree to which the vr-electron distribution deviates 
from axial symmetry®^ 
From the analysis of pattern shape and critical points of the location 
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of the ODMR spectra or light induced ESR spectra®"'which are usually 
easily recognizable, the value of the ZFS parameters D and E, and other 
information about triplet states could be obtained. Figure 2.5 shows a 
schematic diagram of triplet state ODMR. Due to the random orientation 
of molecule principal axes of conducting polymers, the really detected 
triplet resonance is thus the sum of contribution from all orientations. 
ODMR studies of conventional semiconductors and organic molecular 
solids can be found in references 77 and 84 . Recently, the observation of 
ODMR signals were reported in conjugated polymers including PT and 
P3ATs^^®^'". The three common X-band PL-enhancing ODMR features in 
these polymers are: (1) a main narrow resonance at g ~ 2.003 to be assigned 
to the nongeminate polaron recombination, (2) the triplet powder pattern 
and (3) the half-field resonance. Preliminary results of the ODMR of 
PDBOPA in this study have also been reported®®. 
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Figure 2.5 Schematic diagram of Am; = ±l and Am^=±2 triplet state ODMR 
with E = 0. 
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III. EXPERIMENTAL DETAILS 
A. Samples Preparation 
1. Poly(diethynylsilanes) (PDES) 
PDES®'"" were polymerized by Dr. T. J. Barton's group from 
R2Si(C = CH)2 monomers via Mods or WClg catalysis, where R = Phenyl 
(Ph), Methyl (Me), Butyl (Bu), Propyl (Pro) or Hexyl (Hex). A typical 
procedure for these polymerization is briefly described as follows. A 
solution of Phg Si(C = CH)2 in anhydrous benzene was first deoxygenated by 
repeating the processes of freezing, evacuating, refilling with argon and 
thawing at least twice to remove all trace of oxygen. Then, the catalyst was 
added into the solution under an argon atmosphere. The solution was 
heated to 60°C and gradually became violet over an hour. After stirring at 
60°C for 15 hours, the polymerization was quenched by dropwise addition of 
the reaction mixture of deoxygenated methanol. The precipitated polymer 
was then separated by filtration and dried overnight to a constant weight 
under vacuum. Gas-phase chromatography (GPC) showed that the weight 
average molecular weight (MW) ranged from - 10^ (~450 monomers/chain) 
in Phg to values in excess of 2x10^, or -1500 and -1200 monomers/chain, in 
the Buz and Hexj, respectively. The UV—Visible optical absorption peaked 
at A = 550 nm for Ph2 and a = 580 nm for Hex2 and Buj respectively. The 
polymers were soluble in several common organic solvents, e.g., benzene, 
toluene, chloroform, and tetrahydrofuran (THF), easily cast into films, and 
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toluene, chloroform, and tetrahydrofuran (THF), easily cast into films, and 
apparently quite stable in air. Detailed "C and "Si NMR measurements 
indicated the four-member ring poly-heterocyclic structure shown in Figure 
3.1. When polymerized via MoCls(WCl6), ~42%(~75%) of the monomers are 
cyclic. In this study the most detailed experiments were performed on Bug 
and Phj, while other samples were used for comparison. 
2. Poly (2.5 dibutoxypara-phenylene-acetylene) (FDBOFA). 
PDBOFA was also synthesized by Dr. Barton's group using the 
modified Rinner Giesa's method initially reported in Makromol. Chem." 
The molecular structure of PDBOPA is shown in Figure 3.2(a). One of the 
major features is that PDBOPA is soluble in most common organic solvents 
and apparently quite stable in air. Gas-phase chromatography (GPC) 
showed that the weight average molecular weight (MW) is about 20000. 
3. Poly(3-hexylthiophene) (P3HT), poly(paraphenylenevinylene) (PPV) and 
its derivatives 
The P3HT was perpared by Dr. Yoshino's Group at the Department of 
Electronic Engineering, Osaka University. The substituted PPVs, 
poly(dioctoxyparaphenylenevinylene) (PDOOPV) and poly(dihexoxypara-
phenylenevinylene) (PDHOPV) were synthesized by Dr. Wudl's group. The 
structures of P3HT, PDOOPV and PDHOPV are shown in Figure 3.2(b). 
The samples studied in this work can be divided into two classes: films (or 
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RjSiCCiH) 
Figure 3.1 The structure of polydiethynylsilanes (PDES). When 
polymerized via MoCls(WCl6), ~42%(~75%) of the monomers 
are cyclic. 
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Figure 3.2 (a) The chemical structure of PDBOPA. 
(b) The chemical structure of P3HT, PDOOPV and PDHOPV. 
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solids) and solutions. Some sample preparation will be described later. The 
samples studied by photoexcitation were usually vacuum-sealed to avoid 
photo-degradation. For the preparation of solutions, the polymer was first 
dissolved in benzene (QHg) or chloroform (CHCI3) in quartz tube. The 
solutions were then degassed by several freezing-evacuating-thawing cycles 
and the quartz tubes were vacuum-sealed. Care must be taken to keep the 
thawing slow enough and to prevent the thawed liquid from dashing up to 
the top of the tube due to boiling. Before sealing the sample, the liquid had 
to be frozen and pumped again. Films were prepared either by pumping the 
degassed solution in quartz tubes for several hours until the solvent was 
completely evacuated, and then vacuum-sealing the tube, or by casting the 
degassed solution onto quartz substrates in a protective inert atmosphere 
and then vacuum-sealing the sample in a quartz tube. 
B. Conductivity Measurement 
For conductivity measurements, gold contacts were prepared by 
precoating gold patches with thickness from 500 to 1000Â on a glass 
substrate. The patches were separated by a gap of 0.5 mm. The polymer 
film was solution-cast on the gap. Electrical contacts were made to the 
gold patches. A drawing of the film cast pad is shown in Figure 3.3. The 
conductivity a is given by 
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Figure 3.3 The coplanar configuration used to measure the conductivity. 
54 
W 
RdL 
S/cm (3.1) 
Where R is the measured resistance of the polymer film, W is the gap 
between the gold patches, d is the thickness of the film and L is its length. 
The thickness of each samples was measured with a Sloan Dektak stylus 
profilometer (accuracy +1000Â). Since doping generates carriers and/or 
defect centers, comparing the effects caused by doping with those caused by 
laser excitation is an essential component in any serious attempt to gain an 
understanding of the nature of optical and transport properties. In this 
study, considerable effort was devoted to doping studies including 
doping-induced conductivity, doping-induced optical absorption and IRAV 
bands, and doping-induced ESR. 
For in-situ iodine doping induced conductivity measurements, the 
sample was placed in a special gas-phase doping apparatus shown in Figure 
3.4. This apparatus mainly consisted of two glass vessels, where the iodine 
source and sample were placed and separated by valve C. The sample was 
electrically connected to outside through two sealed platinum wires. First, 
A and B valves were opened and C closeed. After the pressure in the 
source vessel fell below 10"^ torr, valve B was closed. Then, the sample 
vessel was still pumped. At the same time, the quick sublimation of L 
caused the source vessel to reach the saturated iodine vapor pressure. The 
measurement of in-situ doping-induced conductivity vs time was made 
immediately after turning off A valve and opening C value. The AsFj 
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Figure 3.4 Apparatus for iodine gas-phase doping. 
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doping induced conductivity was similarly measured by connecting the empty 
vessel to an AsFg gas cylinder. 
C. Optical Properties Measurement 
1. Optical absorption 
Optical absorption measurements were performed using a Bruker IFS 
120 HR Fouriour Transform Infrared (FTIR) spectrometer with a VIS range 
from 8000 cm"^ to 20000 cm"^ and NIR range from 2000 to 10000 cm"\ and 
a Gary Model 14 double-beam double-monochromator with range from 0.6 
eV to 3.5 eV. Pristine undoped films were made by casting polymer 
solutions on the quartz substrates. The undoped and doped polymer 
solution samples were held in spectrophotometer cells. Doped polymer film 
samples were achieved by exposing the as-deposited films in iodine or AsF; 
vapor for a measured period of time. 
2. IR vibration spectra 
Our IR vibration mode measurements were performed by using an 
IBM model 98 single beam Fouriour Transform Infrared (FTIR) 
spectrometer. Pristine undoped films were made by casting polymer 
solutions on NaCl single crystal substrates. The undoped and doped 
polymer solution samples were held in spectrophotometer cells. Doped 
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polymer film samples were achieved by exposing the as-deposited films in 
iodine or AsFs vapor for a certain measured period of time. 
A typical doping induced IRAV spectrum is shown in Figure 3.5 for a 
solution cast P3HT film doped with iodine. The upper and lower curves were 
measured following 10 minutes and 3 hours evolution of I,, respectively, 
after exposure to ~1 torr for 3 minutes. The undoped pure P3HT 
characteristic infrared spectrum was subtracted from the total absorption to 
yield these doping-induced spectra. The four main modes at 1084, 1163, 
1200 and 1350 cm"^ can be clearly identified and they are in excellent 
agreement with other reports.^^ The broad rise near 4000 cm'^ is caused by 
the subgap electronic transition. 
3. Photoluminescence 
In this study, PL measurements were performed in an integrated 
magneto-optical system (see below). A chopped laser beam was directed by 
mirrors to the sample, which is inside the quartz dewar of an Oxford He gas 
flow cryostat with temperature controllable from 4 to 300K . The PL from 
the sample is collected by a lens close to the sample and refocused by a 
second lens in front of a 0.25 m Bausch and Lamb monochromator. The 
grating of the monochromator (300 lines/mm) has a resolution of about 
AA = 50 Â at slit width of 0.5 mm, as judged by the 5145 Â line of the Ar^ 
laser. The light was detected by a Silicon Detector Corporation SD444 red-
enhanced photodiode operating in the photovoltaic mode. The detector is 
lock-in amplified in phase with the chopper. A computer controls a 
a tn to to m —I Kl 
1 I 
4BBB 3Si8 3000 2500 2000 1500 
VAVENUHBERS CH-1 
1000 500 
Figure 3.5 I2 Doping-induced IRAV spectrum for P3HT film, upper one is 
10 minutes after three minutes doping and lower one is three 
hours after same doping. 
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McPherson stepper motor to drive tiie monochromator's wavelength 
scanning and receives the output signals from the EG & G Princeton 5207 
lock-in amplifier. The correction for the spectral response of the filter-
monochromator-detector system was achieved by using an Electro-Optical 
Industries Nerst Glower as an ideal black body radiation source to produce 
the response curve. The uncorrected spectra are multiplied by the response 
curve to yield corrected ones. 
D. Magnetic Resonance Measurement 
1. Electron Spin Resonance (ESR) 
ESR, PL and ODMR measurements were all performed in the 
integrated magneto-optical system, which consists of the commercial ESR 
spectrometer, a cryostat and a low temperature control system, an Ar^ laser, 
a monochramator and its controller, field modulation controls, an external 
lock-in amplifier and PC-type computer, schematically shown in Figure 3.6. 
In this system, the ESR and ODMR were measured by field 
modulation, which yields the derivative of the ESR and ODMR lineshapes. 
Since derivative signal shows finer structure than original signal and can 
enhance the signal-to-noise ratio after integrating the directly detected 
signal, the derivative modulation techniques have been widely used for weak 
signal detection. The principle of this technique can be explained as 
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Figure 3.6 Schematic diagram of integrated magneto-optical system. ti l t  s st  
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follows: 
Consider an ESR signal I, which is a function of the magnetic field B, 
I = 1(B). If in addition to the slowly scanning static Bg field, a small AC 
modulation field ABsinwt is added, the total B will be B = Bo+ABsinwt. Using 
Tailor expansion, 1(B) can be expanded as 
1 ( B )  - / ( i B o  +  A j B s i n c a f )  
a iS 
1 , d^I 
T (-^-T )BO (  ABs incor  f  
(3.2) 
Obviously, the amplitude of the first harmonic is proportional to the first 
derivative of 1(B), the amplitude of the second harmonic proportional to the 
2nd derivative of 1(B), etc. Using a phase-sensitive detector, the first 
derivative dI(B)/dB (at reference frequncy w) or the 2nd derivative 
d^I(B)/dB^ (at reference frequency 2w) can be directly detected. In order to 
avoid lineshape distortion, the modulation field has to be reasonablly small, 
usually less than 1/3 of derivative peak-to-peak width. Since the signal 
peaks change from case to case and there are frequently several peaks in 
one spectrum, the modulation should be chosen to resolve the narrowest 
peak in the spectrum without distortion. 
ESR measurements were made using a Bruker BR 220 DSR X-band 
spectrometer. A central magnetic field Ho«3340 Gauss is required for a 
typical X-band frequency of 9.35 GHz at g=2. The sample was inserted into 
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the quartz dewar of the same Oxford He gas flow cryostat mentioned above, 
in the center of an optically accessible microwave cavity located in the gap 
of a large pair of magnet pole pieces. The sample temperature could be 
controlled from 4 to 300K. A typical doping induced ESR spectra for 
Hexg-PDES are shown in Figure 3.7. Curve a displays the undoped ESR and 
b, c, d, e and f represent doped ESR following exposure to 1 torr I, for 6, 10, 
20, 40 and 60 min, respectively. Clearly, the peak-to-peak width AHpp 
narrowed after doping and the amplitude increased with increasing doping 
time. 
In order to search for weak light induced ESR (LESR) signal, instead 
of simply comparing the ESR signal during photoexcitation with the dark 
ESR, a double modulation technique was used. For this higher sensitivity 
double-modulation measurement, the standard derivative signal was 
detected by the first lock-in amplifier at 100 KHz and the output fed into 
the second lock-in amplifier at the chopping frequency ( ~10^ Hz). The 
output of the second lock-in gave the LESR signal. 
The number of spins in a given sample was determined by comparing 
its spectrum with the spectrum of a Picein 80 standard. The g factor is 
determined by using Eq. (2.11) and comparing the field for resonance of the 
sample to that of diphenl-2-picrylhydrazyl (DPPH), in which g = 2.00356, 
such that the system drift can be evaluated and the correction due to this 
drift can be made for the measured sample. 
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Figure 3.7 Doping-induced ESR for Hexj-PDES. From curve (a) to (f) are 
undoped, 6 min, 10 min, 20 min, 40 min, and 60 min exposure 
to~l-torr Ij, respectively. After doping, the peak-to-peak widths 
of AHpp are clearly narrower than undoped ones. 
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2. Optically Detected Magnectic Resonance (ODMR) 
For ODMR measurements, the ESR spectrometer was set on the same 
status as normal ESR measurement except that magnetic field modulation 
was provided by an external modulation (Modulation Controls in Figure 3.6) 
at much lower frequency of 100-2000 Hz, instead of using the built-in 
modulation at 100 kHz. The microwave source was usually set at full power 
(200 mW). The PL signal from the sample excited by a = 488 nm or 457.9 nm 
lines of the Ar^ laser at e.g., 50 mW, was collected by two lenses and 
detected by a silicon photodiode operating in the photovoltaic mode. The 
detector was lock-in amplified in phase with the external field modulation 
signal. Thus, during slow sweeping of the DC magnetic field through 
resonance, the derivative of intensity change with magnetic field was 
recorded. 
The integrated PL (L) was obtained under identical conditions as the 
ODMR measurement by inserting the chopper in the beam path and using 
the chopper, rather than the field modulatin, as the lock-in reference. 
The relative intensity change at resonance (AL/L) was obtained from 
this direct measurement, and was used to calibrate the integrated ODMR 
spectrum. The relation used is": 
AA _ c Afgf AZ (3.3) 
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is the peak-to-peak amplitude of the field modulation, AHpp is the 
separation of the derivative peaks in the ODMR, and C= 1.1 is a constant 
lineshape factor derived from comparing the direct measurement to a 
derivative measurement under identical condition. AV and V are the peak-
to-peak derivative amplitude of the ODMR signal and the total PL under 
identical conditions, respectively. The integrated ODMR spectra were 
calibrated by the calculated relative intensity change. 
Another ODMR system in our group adopts microwave modulation 
mode instead of field modulation. This operation mode yields the direct 
ODMR spectrum rather than derivative. 
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IV. RESULTS AND DISCUSSION OF PDES 
A. Experimental Results 
1. Doping induced conductivity and photoconductivity 
DC conductivity measurements on various pristine PDES (Ph,, Me], 
Bun and Hexj) films cast from solution yielded 10'<a<10"^ S/cm. When 
these films were exposured to ~1 torr I; vapor at room temperature, their 
conductivities increased by 5-6 orders of magnitude within one minute. 
Figures 4.1 and 4.2 show the conductivity changes vs. doping time during ~l 
torr I2 exposure for Buj-PDES (abbr. Buj) and Hexj-PDES (abbr. Hex^), 
respectively. The conductivity a of a Bu; film increased to more than 10'^ 
S/cm during 1 minute doping, then reached -0.1 S/cm following 30 min 
exposure, while the undoped was 2x10'® S/cm. The conductivity of Hexj 
film changed from IxlO"® S/cm of original undoped to 1x10"^ S/cm following 
one hour doping. For comparison, the lower curve in Figure 4.1 also 
exhibits the change of spin number ratio (spin number of doped over 
number of undoped) from the ESR measurement during the same doping 
procedure. The spin number finally increased by only xlO, while the 
conductivity jumped by x 10'. AsFj doping yielded similar results. Figure 4.3 
shows the conductivity change of Bu^ film during 30 torr AsFg exposure. 
Both I2 and AsFg doping are reversible, but 1% evolve out much more quickly 
than AsF;. For film of thickness ~1 nm, I2 was usually entirely released 
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Figure 4.2 The changes of the conductivity and ESR spin density against 1% 
doping time for Hexg-PDES film during in-situ doping by 
exposure to -l-torr 1% at room temperature. 
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Figure 4.3 The conductivity change vs. AsF, doping time for Buo-PDES 
film during in-situ doping by exposure to 30-torr AsFj at room 
temperature. 
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within several hours, while it took 10 days or more for AsF, to evolve out at 
room temperature. 
The photo-induced conductivity apho,o for PDES is extremely weak and 
apparent ap^oto decreased with light chopping frequency f^^. Figure 4.4 
reveals a relation between aphoto and fch for a typical Bu, film sample whose 
c^photo /f^peak~l/20 at 100 chopping frequency, here CT^ark refers to the dark 
conductivity. Considering that the of pristine Bu2 film is fairly low, i.e. 
10'® S/cm, and the considerable chopping frequency dependence implies 
thermal effects, the 1/20 increase excited by He-Ne laser with 0.5 mW 
intensity excitation is very faint. 
2. Optical absorption and photoluminescence 
For undoped PDES with Bug, Hex;, Ph, different sidegroups, the 
optical absorption spectra show only slight differences. The interband 
transition peaks at 2.25 eV, 2.25 eV and 2.15 eV, respectively and one-
dimensional (Id) gap peaks at 2.0, 1.9 and 2.0, respectively. The absorption 
spectrum for undoped Buj is shown in curve A of Figure 4.5. Compared 
with the absorption spectra of polymer solutions, the absence of a 
solvatochromic effect is significant. 
Upon doping with Ij, midgap absorption peaks at ~1 eV rises with 
associated bleaching of the interband transitions. The curves B, C, D and E 
in Figure 4.5 were taken 4, 25, 65 and 210 minutes, respectively, after Bu, 
film was exposed to 1 torr I2 for 15 minutes. As seen in the Figure, the ~1 
eV midgap peak lightly shifted to higher energy as more I2 evolved out. Due 
71 
q 
< 
6 
C 
9 
« 
X 
M 
u i 
0 
II 
I 
d 
0.00 020 0.40 0.80 100 
ChoppiigFnqueiicyiKHz) 
Figure 4.4 The chopping frequency dependence of photoconductivity signal 
for Bu^-PDES film. A„ = 632.8nm and I„ = 0.5mw. 
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Figure 4.5 The optical absorption of Bu^ films, during evolution of I;, after 
exposure to -1 torr for 15 min. A-undoped; B-after 4 min; C-
25 min; D-65 min; E-210 min. 
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to the restricted measurement range of the Cary 14. Figure 4.5 does not 
display the spectra below 0.6 eV. The near IR absorption spectra were 
obtained using the IFS 120 HR spectrometer. Figure 4.6 exhibits the subgap 
absorption induced by I2 doping for a Bu, film both during I2 evolution 
[Figure 4.6(a)] and in situ doping [Figure 4.6(b)]. The two spectra are 
identical as expected. Of interst is that during light doping only the high-
energy (HE) band at -1 eV is seen. Heavier doping, however, induces a 
second low-energy (LE) band peaking at -0.55 eV. The LE band is even 
more intense at the highest doping levels [curve A in (a) and curve D in 
(b)], but decreases more rapidly as L evolves out of the film [curve E in (a)] 
or increases more slowly at the beginning of the doping [curve A in (b)]. 
The LE peak position slightly shifts to lower energy with lighter doping, 
while HE peak position faintly shifts to higher energy. In a doped Hexj film, 
the subgap absorption bands exhibit almost the same peak positions as those 
of Buj, but with different peak amplitudes relations between the LE and HE 
band as compared to Buz. The quantitative relations between the amplitude 
A le of the 0.55 eV peak and the amplitude A„e of the 1.05 eV peak are 
shown in Figure 4.7 for Bu2 and in Figure 4.8 for Hex2. The remarkable 
difference is that Ale for Bug-PDES, while Ale Hexg-PDES. 
Solution doping induced absorption is strikingly different from film 
doping: only a single absorption band peaking at 1.05 eV (« Eg/2) in a 
dilute CHCI3 solution at up to 50 wt.% Ig doping (Figure 4.9) is observed. 
Figure 4.10 shows the doping-induced subgap absorption spectra for P3HT 
film during the evolution of I2. These bands of P3HT, a typical 
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Figure 4.6 The optical absorption of doped Buj films (a) During Ig 
evolution. A-5 min.; B-18 min.; C-26 min; D-40 min; E-110 min. 
(b) During in-situ doping. A-1.5; B-3; C-10; D-12 min. 
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Figure 4.7 Relation between the amplitude of low energy peak (A^e) and 
the amplitude of high energy peak (Ahe) in doping induced 
absorption spectra of Bu;. (a) Sample No. 7. (b) Sample No. 9. 
76 
LOWER ENERGY PEAK 
.40 .60 
Ahe ( A.U.) 
1.00 
Figure 4.8 Relation between A le and Ahe for Hexj. 
1.6 -
•e 0.8 
< 0.4 -
0.0 -
4000 6000 
-4 
8000 10000 
wave number (cm"'') 
Figure 4.9 doping-inducecJ absorption of the dilute solution of Buj in 
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nondegenerate-ground-state-conducting polymer are well established to be 
due to polarons and bipalarons. Two subgap absorption bands peaking at 
0.55 ~ 0.65 eV (LE) and at > 1.5 eV (HE) are in good agreement with 
previous report and interpretation.^^ Note that Ale is linearly related to A„e 
for doped P3HT and radically different from the films of PDES. For clarity, 
the IRAV peaks below 4000 cm'^ in Figures 4.6, 4.9 and 4.10 were erased. 
In order to clarify the LE and HE peaks, the photo-excited subgap 
absorption spectra of Bug are shown in Figure 4.11 (b)&(c)." The HE peak 
at 1.5 eV is ignored. It is probably analogous to the well known HE 
excitation in t-(CH)x at 1.4eV and is assigned to a neutral excitation. Here, 
peaks at 0.35 eV (LE,) and 0.85 eV (LE^) correspond, respectively, to the 
peaks LE and HE in doping induced absorption, but they are shifted by 
about 0.2 eV to lower energy, similar to the behavior of t-(CH)% and PT. Of 
interest is that the LE, peak completely disappears at higher temperatures. 
To summarize, the LE peak is absent in three situations: (i) in lightly 
doped films; (ii) in doped solution up to 50 wt.% 1%; (iii) in photo-induced 
absorption at higher temperature (> 220K). 
The PL intensities of the various samples of PDES are generally very 
weak. The PL changes from sample to sample depending on the original 
material processing, and some are even barely detectable at room 
temperature. A low temperature PL spectrum of Bu2 film is shown in Figure 
4.12. The spectrum, which was excited by 488 nm of 80 mW at 28k, peaks at 
-1.8 eV with round structureless broad band ranging from 1.5 to 2.05 eV. 
Comparing with the photo-absorption spectrum in Figure 4.5(A), the PL 
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Figure 4.10 The doping induced optical absorption for P3HT film during 
evolution of I;, after exposure to ~1 torr 1% for 5 min. A-12 min.; 
B-30 min.; C-100 min.; D-170 min. 
80 
J g  D o p i n g  
CO 
LE 
LE w 
O 0.5 
CL 
PA, 80K 
HE LE 
LE, 
H 0.5 
PA, 220K 
LE 
HE 0.5 
0.2 0.4 0.6 0.8 1.0 1.2 I.' 
PHOTON ENERGY(eV) 
Figure 4.11 Photo-excited subgap absorption spectra of Bu, film at 80K 
(middle) and at 220k (bottom)." For comparison, the top curve 
shows the Ij doping induced absorption. 
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Figure 4.12 PL spectrum of Bu; excited by 458nm of 80mw at 28k. 
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spectrum reveals a big Stokes shift of 0.45 eV, which implies strong disorder 
of the polymer and is consistent with the NMR analysis of considerable 
monomer acyclic fraction (-1/4). 
3. Doping induced infrared active vibration (IRAV) modes 
A variety of vibrational bands associated with different bonding 
configurations for pristine hydrogenated Bu2 are shown in Figure 4.13. 
Besides strong bands near 3000 cm'\ which are obviously due to C-H bond 
stretching,'^ there are a series of characteristic infrared modes at 1564, 
1460, 1094, 1000, 851, 816 and 690 cm \ After doping, PDES films showed a 
series of strong IRAV bands. Figure 4.14(a) displays the iodine doping 
induced IRAV spectra of hydrogenated Bug film synthesized via WCl^ 
catalysis during evolution of I2, from top to bottom being 2 min, 5 min and 
15 min, respectively, after exposure to "1 torr Ij for 8 min. The significant 
bands peaks at 1524, 1394, 1120, 980, 820 cm'\ etc. The Buj film with 
catalyst of M0CI5 shows analogous IRAV bands to the ones with catalyst of 
WClg. The remarkable isotope effect can be seen in Figure 4.14(b), where 
deuterated Bug was used. The main doping induced IRAV peaks are 
observed at 1490, 1321, 1045, 879, 789 cm'\ etc. Like most conducting 
polymers, doping induced IRAV modes in PDES also show the dopant 
independent. Figure 4.15 exhibits the AsF, doping induced IRAV spectra of 
Bu,, which is almost identical to the I, doping induced ones showed in 
Figure 4.14(a). The upper and lower curve were measured 0.5 and 4 hours 
after exposure to 25-30 torr AsF; for 10 sec. For comparison, Figure 4.16 
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Figure 4.13 Infrared vibration spectrum of pristine undoped hydrogenated 
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Figure 4.15 IRAV spectra of hydrogenated Buz film doped with AsFj. 
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displays the resonance Raman spectrum (RRS) of Bu,, which is excited by A 
= 514.5nm of Ar"^ laser at 60mW and has main peaks at 1558, 1476, 1271, 
1172cm'', etc.®'' These RRS peaks exhibit obvious one to one 
correspondence with the doping induced IRAV peaks showed in Figure 
4,14(a) and 4.15. We also note that RRS peaks in this material have 
relatively bigger shifts from IRAV peaks than those in t-(CH)^, PT and 
PPV. 
The spectra in Figure 4.14 and 4.15 were all obtained after 
subtracting the undoped hydrogenated or deuterated Bu, background. The 
undoped samples were, at first, measured by using FTIR spectrometer and 
the data were stored as references. After doped with or AsFg, the same 
samples were scanned by the spectrometer at the same spot and the data 
taken were stored as total spectra. The corresponding reference spectra 
were subtracted from the total spectra to give the doping-induced IRAV 
spectra. The residual signal at around 3000cm'* in Figure 4.14 and 4.15 were 
probably caused by the alignment deviation between measurements taken 
before and after doping. 
4. ESR and doping induced ESR 
In order to investigate the purity and the residual catalyst in polymers, 
in collaboration with T. J. Barton's group we compared the ESR spectra and 
energy dispersive X-ray (EDX) spectra for purified and unpurified PDES. 
The EDX was calibrated for quantitative measurements. For EDX 
measurement of Bu2 with Mods catalyst, a level of ca. -0.4 wt.% of Mo 
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Figure 4.16 Resonance Raman spectrum (RRS) of undoped Buj film 
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corresponded to 0.06 at.% is still observed in the polymer precipitated one 
time out of methanol. It drops to 0.1 wt.% after a second precipitation. 
The ratio of Mo/Cl drops from 1/5 (typical of M0CI5) to 1/17 (precipitated 
twice out of methanol) indicating that some of the chlorine atoms are 
attached to the polymer. The ESR spectra of once and three times 
precipitated Bug polymer are shown in Figure 4.17. The significant decrease 
of the broad signal at ca. 3.42 kGauss indicates that this broad signal 
originates from the catalyst residue. The catalyst could be removed by 
performing several precipitations out of methanol. A typical room-
temperature X-band ESR spectrum of pristine undoped and purified Bu, 
films and solutions is shown in Figure 4.18(a). The g value is 2.003, the 
derivative peak-to peak linewidth AHpp is ~ 10 G and its integrated intensity 
in both films and solutions yield ~1 spin per -14000 monomers. Since 
deuterium with zero nuclear spin differs from hydrogen with a proton spin, 
substituting H with D may reveal the existance of nuclear-electron 
hyperfine interaction. Figure 4.18(b) displays the room temperature ESR 
spectrum of deuterated Bu^. The -3.6 G linewidth of deuterated samples is 
sharply lower, indicating that the hyperfine interaction with neighboring 
protons dominates the linewidth. 
The intensity of light-induced ESR (LESR) is comparable to the dark 
ESR. As an example, Figure 4.19 displays the LESR spectra of Bu; film 
measured at 50 mW excitation of 488 nm and at 20 K. The upper curves are 
total ESR signal (solid line) and dark ESR signal (dashed line). Subtraction 
of the dark from the total ESR yields the LESR signal shown at the lower 
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curve. In order to understand the origin of the LESR signal, we measured 
its time and temperature dependence, and its double modulation LESR. 
The kinetics of the formation and decay of LESR are slow (from several 
minutes to several hours) at room temperature, and slow down further upon 
cooling. As expected, no double modulation LESR signal is detectable. 
Since the intensity of the dark ESR is relatively low (one spin in -14000 
monomers), the LESR is very weak. These results thus indicated that the 
LESR is due to metastable defect formation, rather than intrinsic 
photogenerated carriers. 
We also investigated the doping-induced ESR of PDES at different 
temperatures and different doping levels, and compared the results with 
those of P3HT under similar situations. Upon h doping, the peak-to-peak 
height of the derivative ESR signal of PDES increases by over 40 times, but 
the derivative peak-to-peak width AHpp clearly narrows (See Figure 3.6 in 
Chapter 3). The total spin number obtained by doubly integrating the ESR 
increases by up to a factor of-10. AHpp initially decreases to 3.4 G in 
hydrogeneted [Figure 4.20(a)] and 2.9 G in deuterated films. Heavier 
doping slightly increases AHpp to 3.2 G in the deuterated films. At lower 
temperature, the AHpp of doped PDES develops broadening. Its dependence 
on T, broadening to 4.9 G at 7.5 K, suggests motional narrowing®^ with an 
activation energy of -3.7 meV [Figure 4.20(b)]. Another supporting 
evidence for motional narrowing is the lineshape shift from the shape close 
to Gaussian (with AHpp/AHi/2 » 1.55 at undoped) to the shape close to 
Lorenzian (with AHpp/AH,/2 ~ 1.25 at higher doped), where AHpp is the peak-
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to-peak width of derivative ESR and is the half width at half height of 
integrated ESR. The ESR linewidth narrowing upon doping was found 
weaker in solution than in film. For hydrogenated Bu, in benzene, the ESR 
linewidth decreases to 5-6 G upon 40-wt.% I2 doping. As examples, Figure 
4.21 and 4.22 show the relation of both spin number ratio and linewidth vs. 
doping time for Bu, film exposed to ~1 torr Ij, and vs. L weight 
concentration for Bu, solution in benzene, respectively. In sharp contrast to 
PDES, the linewidth of P3HT in solution increases upon doping. Figure 
4.23 displays the dependence of ESR linewidth (full width at half height in 
integrated spectra) on I2 weight concentration for P3HT solution in 
benzene. 
For different doping levels, a relation between the ESR spin density 
and the integrated intensity of the HE band during I2 doping for Bu; 
solution in benzene is shown in Figure 4.24. Note that they are proportional 
to each other. 
The doping efficiency of L in dilute But solution in benzene and 
acetonitrile (ACN) were measured by using Cyclic Voltammetry, in which 
the electrode potential is controlled and the resulting current representing 
the concentration of the studied species is recorded. Figure 4.25 shows the 
I2 concentration dependence of the doping efficiency, which reveals that the 
doping efficiency decreases with increasing I2 concentration. 
This measurement was obtained by comparing the result of the 
solution containing I; plus polymer with the result of the solution only 
containing I2. The assumption was made that the detected I2 concentration 
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in doped polymer solution reflects the concentration of I, not attaching to 
polymer chain and not reducing into I3. As seen in the Figure, the doping 
efficiency decreases with iodine concentration increasing, to only ~5% at 
lOOwt.% Ij. 
Though PDES is generally quite stable in air, we observed some 
apparent ageing effects.®® In "aged samples", which remained in air for more 
than one year, the conductivity increased by only xlO* (instead of xlO®) 
during one minute doping under the same conditions as previously 
described. The ESR peak-to-peak linewidth of aged PDES films narrowss 
less than that of fresh films following I2 doping, e.g., from 10 G of the 
undoped to 6.5 G of doped, rather than to 3,5 G. It is suspected that new 
disorder and defects induced by, e.g., oxygen contamination, decrease the 
conjugation length leading to lower conductivity increasing and reduced 
motional narrowing. 
B. Anomalous Optical and ESR Properties of Doped PDES 
For a qualitative understanding of the spin-charge relation of PDES, 
the in-situ conductivity and ESR measurement shown in Figure 4.1 and 4.2 
may render some hints. Upon one minute I2 doping, the conductivities of 
Buz and Hex; increase by 6 order of magnitude, while the spin numbers only 
increase by less than one order of magnitude. It appears that most charge 
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carriers are spinless. For quantitative comparison we consider their 
absolute values instead of relative changes. For the solution doping 
efficiency shown in Figure 4.25, it corresponds to one I3" in ~80 monomers 
at 10 wt.% I2, and one I3" in -40 monomers at 50 wt.% Ig. At heavy doping 
of 50 wt.% I2 in solution, a 10% doping efficiency would be similar to the 
maximal level of ~6 wt.% uptake observed in the film upon exposure to ~1-
torr I2. This highest doping level corresponds to three I3" per 100 
monomers. Meanwhile, at this highest doping level the spin number only 
increase by 8-10 times, which means only one spin in -1800 monomers. Yet 
the relation between the ESR spin density and either the integrated 
intensity or amplitude of the l.OSeV peak, during I, doping of benzene 
solutions of Bu2, is linear (Figure 4.24). It therefore appears that most of 
the doping-induced carriers are spinless, but -2% do carry a spin of 1/2, 
Morever, this yield is essentially constant, independent of the doping level. 
The absence of any double modulation LESR signal confirms this 
conclusion. It thus appears that similarly to the doping-induced ESR, 
almost all the photogenerated excitations are spinless.^^ 
Interpretation of the observed results in terms of conventional 
solitons, polarons, or bipolarons is problematic: (i) Charged solitons should 
not yield a doping-induced ESR, nor two optical absorption bands (Figure 
4.6) in either films or solutions."*" (ii) Polarons should yield a much 
stronger ESR and three absorption bands, (iii) If most of the polarons 
decay into bipolarons, two doping-induced subgap bands should be observed 
even in solution, (iv) If the polarons decay into bipolarons only by 
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interchain hopping, and are thus absent from dilute solutions, then the two 
bipolaron bands oberved in the films should depend similarly on the doping 
level. As summerized in the previous section 2, the LE peak disappears in 
three situations while HE peak still clearly exists. These evidences imply 
that the HE and LE bands do not entirely share the same origin as 
bipolarons. 
In light of the foregoing problematic results, we note that they bear a 
striking qualitative resemblance to t-(CH),: (i) There is only a single 
absorption band, at midgap, in solution. As in t-(CH)x, the (ii) 
photoluminescence, (iii) LESR, and (iv) doping-induced ESR are very weak, 
(v) The results of ab initio Hartree-Fock calculations conducted by S. 
Grigoras" indicate that the splitting between the two dimerizations of the 
system is less than ~4 meV per unit, i.e., the idealized system has an 
essentially degenerate ground state as shown in Figure 4.26. It is therefore 
believed that the primary doping-induced excitations are spinless charged 
solitons. Yet if the degeneracy is slightly lifted (by <4 meV), then one 
would expect that doping would induce both polarons and solitons. 
An alternative picture may involve the lifting of the degeneracy in 
short conjugated segments (i.e., chain-end effects). In such a case, the 
longer ground-state degenerate segments would support solitons, and the 
shorter segments would yield bipolarons or two overlapping solitons.®® The 
coincidence of the upper bipolaron transition at 1.0 eV with the soliton 
transition would then be very intriguing. This picture, however, does not 
account for the absence of nondegenerate ground-state segments in solution. 
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unless the carriers can overcome the barriers between the short segments in 
solution. 
The near degeneracy of the two dimerizations (to within ~4meV) 
shown in Figure 4.26 is surprising in view of the fact that in one form, all of 
the C=C double bonds are trans-like, whereas in the other they alternate 
between endocyclic trans-like and exocyclic cis-like bonds. Since alternate 
C atoms of the backbone are bonded to Si, the on-site lattice potential a of 
the C p orbitals is expected to alternate in a manner similar to the 
hypothetical degenerate-ground-state diatomic (AB), polymer envisaged by 
Rice and Mele.' ' 
The elementary excitation of such a diatomic (AB)* polymer system 
are two solitons Sa and Sg which are created in pairs and centered on the A 
and B atoms, respectively. Their levies are at ±a relative to midgap^"", 
respectively (Figure 4.27). In the lowest overall neutral configuration, S* is 
empty, and Sg is doubly occupied. They are thus spinless, but carry 
fractional charge QA = (l-f)e and QB=-(l-f)e, where 
/ - 1 - — t a n  (  
7t \ 
^ _ 1 ) (4.1) 
where Ao = Eg/2. Their excitation energy 
2 E ( 0 , 2 ) '  -  ( \ l  aJ -«2 -  a t a n - \  - 1 ) 
7t ' \ 
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Figure 4.26 The two apparently degenerate dimerizations of the cylic 
segments. 
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In the second lowest excitation, a single electron occupies each level, which 
thus has a spin 1/2, but carries charges QA=-fe and Qg=fe. The excitation 
energy for second lowest level is 2E(l,l) = 2E(0,2) + 2a. 
In the PDES system, we presumably get 2û!«0.5e.V from energy 
distance of two optical peaks. From the Ao = Eg/2 = leV here, then it is easy 
to figure out the spin-0 soliton charge Qq = ±(l-f)e « ±0.84e, spin-1/2 
soliton charge Qi=Tfe=T0.16e, and corresponding excitation energy 
2E(0,2) = 0.82eV and 2E(1,1)= 1.32eV, respectively. 
Since much higher possibility of excitations occur in the lowest level, 
i.e., most of excitation is spinless with charge close to one unit and small 
fraction of excitation is spin 1/2 with charge close to zero. This would 
qualitatively agree with the experimental results that most charge 
excitations are spinless. 
If we take 2û!=0.5eV, we should have observed the optical transition at 
0.75 and 1.25eV rather than at 0.5 and 1.05eV, respectively. This shift of 
0.2eV may be similar to the shifts found in photo-and doping-induced 
spectra of t-(CH )x  and is probably due to electron correlation effects. 
On the other hand, if we assume that the number of spin-0 and the 
number of spin-1/2 solitons obey the equilibrium Boltzman distribution and 
experimental result N j/ j/Nq ~ 1/50 is used, we can estimate the order of a 
using 
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For KT = 0,026 eV at room temperature, we will have 2a=0.1eV. This small 
a. value is consistent with the nearly identical A and B species in PDES 
system. 
The PDES polymers exhibit some intriguing and dramatic optical 
properties,suspected to be related to the nature of the A and B soliton 
excitations: Following a 90 femtosecond at 620nm (2eV) with pulesed 
excitation intensity of 2 Gw cm'^, it displays a very fast transient optical 
response with decay time constant of 135 fs. The decay is essentially 
complete, without any noticeable long-term-decay tail. This "tailless" decay, 
which is about six times faster than that in polydiacetylene (PDA), is the 
fastest of any polymer known to us, and suggests that the nonlinear 
polarizability coefficient may also exhibit an extremely short decay time. 
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V. RESULTS AND DISCUSSION OF PDBOPA 
A. Experimental Results 
1. Doping induced conductivity, photoluminescence and ODMR 
Unlike most conjugated polymers, which can be easily doped with I2 to 
get a dramatic conductivity increase, PDBOPA seems somehow passive to I2. 
While exposure to ~1 torr U vapor at room temperature for 10 hrs only 
increased the conductivity a by ~3 orders of magnitude, to -10"® S/cm it 
immediately increased to -10"^ S/cm upon heating to ~80°C. Yet as the 
film was cooled back to room temperature, the I2 rapidly desorbed and a 
decreased below the measurable limit. 
The optical absorption and PL spectra of solution cast PDBOPA films 
at room temperature is shown in Figure 5.1; the polymer structure is shown 
in the inset. The 1-d gap is -2.7 eV and the PL yield of films is comparable 
to that of PDOPV. A relatively large Stokes shift between the absorption 
and emission edges can be obviously observed. At room temperature, no 
vibronic structure of the PL can be observed, and only at low temperature 
(e.g., 30 K) weak phonon sidebands at l.SHxnd 2.02 eV emerge (Figure 5.2). 
These features are in contrast to P3AT, PPV and PDOOPV.'®*'"^ The slight 
thermochromatic blue-shift of PL upon warming from 30K to room 
temperature, and the clear solvatochromic effect of dilute PDBOPA in 
toluene, are clearly reminiscent of the similar effects exhibited by 
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Figure 5.1 The optical absorption and photoluminescence spectra of 
PDBOPA. Note the large Stokes shift between the absorption 
and emission, and the near absence of vibronic structure in the 
emission. 
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Figure 5.2 The PL emission from PDBOPA film at different temperature. 
The excitation wavelength = 457.9 nm and the intensity = 20 mW. 
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The X-band ESR of solution-cast films and dilute solutions in toluene 
was also measured. The spin density of films and solutions at gs2.003 was 
-6x10^® spins/gm. The lineshape was nearly Lorentzian, as the derivative 
peak-to-peak width was AHpp^S G, and the full width at half maximum was 
aH,/2-8 G. The line broadened upon cooling, to AHppSs7.2 G and aHi/2-12 G 
at 8 K. The temperature dependence of the ESR linewidth and shape was 
not determined, and it is thus not clear whether the observed difference 
between the spectrum at 300 K and at 8 K is due to motional narrowing. 
The full range total-PL ODMR spectrum of a PDBOFA film at 6 K is 
shown in Figure 5.3(a). It was excited by 50 mW at 458 nm and was 
measured in field modulation. The ODMR clearly displays three main 
features: (i) a strong main narrow peak at -3.3 kG, (ii) a broad pattern 
range from 2.7-3.9 kG, and (iii) a half field resonance at -1.65 kG. These 
three features are separately shown at narrowed range in Figure 5.3(b), 
5.4(a) and 5.4(b), respectively. The broad pattern shown in Figure 5.3(b) 
was measured with 160 mW microwave power and microwave modulation. 
The slight difference in broad pattern shapes between Figure 5.3(a) and 
5.3(b) may be caused by the different modulation mode; in field modulation, 
nonresonant magnetic field effects can not be ruled out.^'* The broad 
pattern around g~2, which is assigned to the Am, = ±1 transition of the triplet 
exciton is -1.2 kG wide, and its relative intensity is AL/L=3xlO^ at T = 20 K, 
where L is the integrated intensity of the PL under the same excitation 
conditions. The relative intensity of the PL enhancing narrow ODMR"'®® at 
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The excitation wavelength = 458 nm and intensity = 60 mW. 
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g = 2.0025 shown in Figure 5.4(a) is AL/L==2X10"''; and it is stronger than in 
P3AT, PPV and PDOPV under similar conditions. The overall linewidth 
aH,/2 is ~15 G, similar to the ~ 15 G in P3AT/^ but narrower than the -18 G 
in PPV and its dihexoxy derivatives.'®'* As in PPV and PDOOPV, and in 
contrast to P3AT, the lineshape is symmetric. Since this resonance is 
believed to result from polaron recombination,®®-'"'' the symmetric lineshape 
indicates a high degree of charge conjugation symmetry. 
The half field resonance was observed at g=4.07 and its relative 
intensity is AL/L==5X10"® at T = 5 K. The resonance peak position is shifted 
down-field by 44 G from Ho/2 (Hg: the peak field of narrow central 
resonance), and the lineshape is nearly symmetric in sharp contrast with the 
clearly asymmetric resonance observed in P3AT, PPV and PDOPV.^®"^'"^ It 
is also suspected to result from disorder, in agreement with the Stokes shift 
and shape of the PL spectrum (Figure 5.1 and 5.2) and the broad triplet 
pattern. 
2. PDBOPA blends and PDBOPA-based Schottky diodes 
In order to depress the interchain interaction of conjugated polymers 
and to offer realizations of single chain models based on the SSH 
Hamiltonian, we prepared the PDBOPA and PDES blends with ultra high 
molecular weight(~3x 10®) polyethylene. Polyethylene and PDBOPA (weight 
ratio 100:1) were first dissolved in xylene to a solvent ratio 2% by weight at 
a temperature of 135°C~140°C. The solution was thoroughly mixed and 
allowed to equilibrate in a hot oil bath kept at this temperature for at least 
115 
30 min. The solution was then poured into a Petri dish placed in a 
ventilated hood and was allowed to dry for several days. The blend was then 
examined under an optical microscope with amplification of 400 and no 
segregation was found. Surprisingly, the blend film, with only 1 wt.% 
PDBOPA, shows much stronger PL intensity than pure PDBOPA under the 
same excitation conditions. The PL spectra at room temperature of a 
stretch-oriented blend with 1:6 stretching ratio and a pure film both excited 
by 20 mW at 458 nm are shown in Figure 5.5, respectively. The main PL 
peak of the blend has a -0.35 eV blue shift from the peak of pure PDBOPA 
and an total intensity four times higher. As seen in the figure, the PL 
spectra shows clear vibronic structure even at room temperature, in contrast 
to the entirely structureless of the pure film. The same higher energy peak 
at -2.5 eV is also observed in the PL of PDBOPA solution. 
Shown in Figure 5.6 is the narrow PL-enhancing ODMR of PDBOPA 
blend with g = 2.0025 and AL/L close to 5x10"^. Since the signal to noise 
ratio is low in the Am;= 1 broad triplet pattern [Figure 5.7(a)], it is hard to 
determine the resonance width quantitatively, but qualitatively it is similar 
to the range observed in the pure film. 
Besides the main peak in the spectrum of half field ODMR at 20 K 
shown in Figure 5.7(b), which is similar to the peak of unblended film in 
both symmetry and location, it is suspected that another faint band appears 
at lower field which may agree with the broadest wings of the An^= 1 broad 
powder pattern of the pure film shown in Figure 5.3(b). 
The decays of the total PL intensity of P3HT, PDBOPA and PDBOPA 
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Figure 5.5 The PL spectra of blended and unblended PDBOPA excited by 
20 mW at 458 nm. 
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Figure 5.6 The main centrai PL-enhanced ODMR of PDBOPA blend at 
T = 20 K using microwave modulation. Blend ratio 1:100, and 
stretching raio 1:6. Exciting light is polarized parallel to the 
stretched direction. 
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Figure 5.7 The Am;=l broad triplet ODMR (upper) and Am, = 2 half field 
triplet ODMR (lower) of PDBOPA blend at T = 20 K. The 
sample and experimental condition are the same as those in 
Figure 5.6. 
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blend exposed to air are shown in Figure 5.8(a) and (b). Since the vacuum 
sealed samples don't show any discernible decay following the same 
prolonged laser exposure, it is clear that this PL decay is due to 
photoinduced oxidation. As expected, the PL decays faster with higher 
irradiating laser power. As seen in the figure, P3HT films degrade quicker 
than PDBOPA films and PDBOPA blends exhibit slower PL decay than 
unblended material. After 2 hours 5 mW of 458 nm irradiation, the PL of 
blends quenches only one tenth of in the unblended. 
To our knowledge, PPV is the only conjugated polymer,^ which has 
been successfully used as the active layer in light-emitting diodes (LED). In 
order to explore the potential electroluminescent applications of conjugated 
polymers, we attemted, and succeeded in using PDBOPA as an active layer 
in a Schottky LED. At this preliminary stage, however, the 
electroluminescence is very dim and the efficiency is very low. The device 
structure is similar to a conventional Schottky diode, but the active layer is 
PDBOPA instead of an inorganic semiconductor. Figure 5.9 shows the 
device structure. The devices are built on a substrate of indium tin oxide 
(ITO)-coated glass. Half of the area of the ITO on the glass was removed 
by using a mixed solution of HCl and HNO3, in order to protect against 
electrical shorts during electrode connection. A dilute solution with 
0.2~0.4-wt.% PDBOPA in toluene was spun-coated onto the substrates at a 
spinning speed of -2000 rpm and in a toluene vapor atmosphere. The 
thickness of polymer layer ranged 1000-2000 Â, A top contact of aluminum 
was deposited on the polymer film through a special mask to a thickness of 
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Figure 5.9 Schematic structure of PDBOPA polymer based 
electroluminescent devices. 
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200 Â by using electron-beam evaporation at a pressure of ~10~' torr. 
Electrical contact was made to the ITO layer and to theHxop aluminum film 
via thin A1 foil carefully attached using silver paint as adhesive. A typical 
current-voltage curve of such a diode is shown in Figure 5.10, where an 
exponential fuction (dashed line) is fitted to experimental data (open 
circles). It was measured by applying a positive potential to the ITO contact 
relative to the A1 contact, and is similar to a forward-biased I-V curve of 
conventional Schottky diodes. 
Under dark-room condition, electroluminescent emission from the 
circular polymer area (diameter of 2.5 mm) through the transparent ITO can 
be seen at current I>5 mA. This light-emission gradually turns stronger 
when the current is carefully increased. It is found that a constant 
electroluminescent emission can be maintained for hours. Unfortunately, 
the PL spectra has not yet been measured. 
The electroluminescent diodes are in very preliminary stage. Using a 
magnifier, we found that the luminescence was not uniform. In addition, 
alumimun is not a low work function (WF) metal which is neccessary for 
efficient charge carrier injection. It is expected that with refined 
fabrication, including using low WF metals like calsium for the n-type 
contact, improving film uniformity and reduction of the defect level of the 
polymer film, the quantum yield will rise considerably. 
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B. Discussion 
One of the major features observed in PDBOPA is an intense PL, 
which, however, is strongly Stokes-shifted from the absorption edge and 
almost devoid of vibronic structure. This clearly indicates a degree of 
disorder considerably greater than in P3AT, PPV, and PDOOPV. Yet the 
significant solvatochromism suggests that the conjugation length in solution 
is even decidedly shorter than in the films. It is therefore suspected that the 
film contains many segments of relatively long conjugation length, but a 
nonnegligible fraction of short segments sufficient to smear the vibronic 
structure. 
In contrast to cast films of the pure PDBOPA, the slightly oriented 
dilute blends display some fascinating effects: (i) a strong enhancement of 
the PL quantum yield, as the total PL intensity increass by a factor of 4; (ii) 
a sharp reduction of the Stokes shift (the shift of main PL peak being 0.35 
eV); and a higher energy PL band emerges at -2.5 eV; (iii) sharply weaker 
photoinduced degradation than unblended by a factor of 10 following 5 mW 
irradiation for 2 hrs; (iv) discernible vibronic structure appearing even at 
room temperature as compared to the structureless PL of the pure 
PDBOPA. These features indicate that not only the distribution of 
conjugation lengths and disorder affect the optical properties as reported by 
others,''®'"'® but that the interchain interaction also plays an important role in 
the dynamics of the decay of photo-excitation. Since the conjugated chains 
are separated by host molecules in the dilute blend, which then effectively 
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depresses interchain interactions, the new features of the blends are due to 
intrachain processes. These are also reminiscent of the observation in 
P3ATs that the PL intensity increases with increasing alkyl chain length.^"® 
The observation in blend, solution and in polymers with different sidegroups 
all supports the idea that PL is mainly due to intrachain recombination of 
excited species and efficient suppression of interchain interactions will 
significantly enhance the radiative yield. 
PDBOPA obviously contains high disorder and high density of 
conformation defects which lead to a large Stokes shift, and a broad and 
structureless PL spectrum. It should be noted that even at this preliminary 
stage, PDBOPA already shows an intense PL as compared to other 
conjugated polymers, indicating that it is a very promising luminescent 
material. If the synthesis process can be improved to reduce the disorder 
and defects, it could result in a large increase of the PL yield. Blending is 
also an important approach for developing luminescent materials, as blends 
show much less photoinduced degradation which is critical for commercial 
application. It is also expected that instead of slight stretching, very strong 
stretching (like stretch ratio -10^:1) or other orientation processes will 
probably lead to improved luminescent features:^"' a small Stokes shift, 
sharp vibronic structure, and a narrow PL band. 
The film and blend of PPBOPA show qualitatively similar ODMR 
spectra. The main narrow resonance has previously been concluded to 
result from magnetic resonance enhancement of polaron recombination.®^*^"" 
While its lineshape is clearly asymmetric in P3AT,®^ it is nearly symmetric in 
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PDOPV and PDBOPA. This difference is believed to reflect a very high 
degree of charge conjugation symmetry (CCS) in the latter two systems, as 
opposed to P3AT. The higher CCS and generally higher PL quantum yield 
of PDOOPV^°* and PDBOPA are consistent with the result of the continuum 
single chain model, whereby CCS violation is required for nonradiative 
decay.^^" The nearly CCS symmetry in both PDBOPA and PPV is suspected 
to result from the symmetry of identical carbons in the aromatic ring, as 
compared to the asymmetry caused by the sulphur heteroatom in five the 
member ring of P3ATs. 
The broad ~1.2 kG-wide triplet powder pattern observed in Figure 
5.3(b) is similar to the patterns observed in P3AT films above 50 K®^, and in 
PPV and PDOOPV above 100 It is difficult to precisely determine 
the ZFS parameters from broad pattern due to the broad "tail" and smeared 
critical points. However, the width of the broad pattern leads a rough 
estimation of D, and the peak position of the half field resonance yields E, 
according to'® 
( D: + 3E: )"^ - A |jg( HI - )"' 
(5 .1)  
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where Hq and ^re the peak positions of the narrow central and half field 
resonances, respectively, and AH= l /2HO-HT/2. Using AH = 44 G and D/Bg 
= 600G, thus E/fig w 160G. These values are close to the results of D/Bg = 
640G and E/6g = 115G.®®, which came from computer simulation to the 
Am^=l broad pattern using the appropriate triplet spin Hamiltonian. From 
the ZFS parameter, an upper bound on the spatial extent r^p of triplet 
exitons can be estimated by" 
MV.'" (5.2) 
For D/Bg = 600G, thus r^y = 2.9Â, which is approximately equal to the size 
of benzene ring. 
The broad "tails" of the resonance at 2.55-2.859 kG and 3.85-4.15 kG 
suggest that the distribution of D and E values, and the individual 
anisotropic Ams= 1 transitions, whose envelope over all orientations yields 
the oberved powder pattern, is much higher than in P3AT, PPV, PDOOPV. 
The half-field resonance at g«4.07, which is clearly asymmetric in P3AT, 
PPV, and PDOOPV and in agreement with that Hamiltonian, is nearly 
symmetric in PDBOPA (Figure 5.4(b)). This symmetric lineshape is also 
consistent with a broad individual Am, = 2 transition. 
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VI. SUMMARY AND CONCLUDING REMARKS 
The properties of novel 7r-conjugated polydiethynylsilanes (PDES) 
polymers, which exhibit ultrafast transient optical response and high values 
of the nonlinear optical coefficient have been studied under various 
temperature and doping conditions by means of optical, electrical and 
magnetic resonance techniques including conductivity, ESR, LESR, IR and 
visible spectroscopy, PL and cyclic voltammetry. 
The PDES polymers have weight-average molecular weights ranging 
from -1x10® with Ph, to values in excess of 2x10^ with Buj and Hex, 
substituents and are soluble in various organic solvents, easily cast into 
films, and apparently quite stable in air. The undoped one-dimensional gap 
of PDES polymers is 2.0 eV in both films and solutions; photoluminescence 
is barely observed. L doping induces a single absorption band at -1.05 eV 
in solutions and lightly doped films, but another at -0.55 eV in heavily 
doped films. Both are correlated with strong ir-active vibrations associated 
with known lines in Raman scattering. The doping-induced ESR of the 
solutions is linear in the 1.05-eV peak, but only -2% of the carriers yield an 
ESR, which is motionally narrowed. No double modulation light-induced 
ESR is detected. 
The anomalous doping-induced optical absorption and electron spin 
resonance of [(C = CH)2SiR2]n, R = phenyl, butyl, hexyl diethynylsilane films 
is believed to result from generation of solitons in the degenerate ground 
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state segments consisting of four-membered polyheterocycles attached to a 
vinylene unit. The striking anomalies of the behavior are not clearly 
understood but may involve interchain excitations or a lifting of the 
degeneracy in short segments. 
Another new conjugated polymer poly(2,5-dibutoxypara-phenylene-
acetylene) (PDBOPA), which appears to be a very promising luminescent 
material, has also been studied by means of conductivity, ESR, PL and 
ODMR. 
The preliminary results on PDBOPA indicate that the synthesis route 
used for this work yields films that are considerably more disordered than 
similar poly(3-aikylthiophene) (P3AT) and poly(2,5-dioctoxyparaphe-
nylenevinylene) (PDOOPV) films: The Stokes shift between the absorption 
edge (the 1-d gap is ~2.7 eV) and the strong photoluminescence (PL) is 
relatively large, and the PL is almost devoid of vibronic structure, consistent 
with a highly disordered polymer, and in contrast with the clear vibronic 
structure of the PL of poly(3-alkylthiophene)(P3AT) and poly(2,5-dioctoxy-
paraphenylenevinylene) (PDOOPV) films and blends. The main narrow PL 
enhancing optically detected magnetic resonance (ODMR) at g«2.0023 is 
similar to that of PDOOPV, but the triplet ODMR powder pattern around 
g~2 and the half-field resonance at g=4.07 also indicate greater disorder 
than found in PDOOPV films. It appears that a high density of topological 
defects in this material strongly affects the various recombination channels. 
Dilute PDBOPA blends show some advantages over the pure films in 
a strong enhancement of PL quantum yield, much weaker photoinduced 
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degradation, a sharp reduction of the Stokes shift of the PL peak, and 
partially resolved vibronic structure. It also supports the conclusion that the 
PL is primarily due to the recombination of excited species on the same 
polymer chain. 
Preliminary PDBOPA-based electroluminescent devices were 
successfully fabricated and characterized for the first time. 
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